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The cell cycle of the flagellated protozoan Trypanosoma brucei, 
proceeds with a temporal and spatial coordination of morphogenetic 
events that are governed by the microtubule cytoskeleton in order to 
accommodate the duplication and segregation of intracellular 
organelles. The subpellicular microtubule array forms the most 
prominent structural system and remains intact throughout the cell 
cycle. Visualization of tyrosinated microtubules have hinted at a semi-
conservative mode of inheritance, whereas studies employing EB1, a 
microtubule plus end binding protein, suggest an asymmetric pattern of 
inheritance.  
     To further the knowledge of microtubule synthesis and 
inheritance during T. brucei cell cycle, dynamics of the microtubule 
cytoskeleton were visualized by inducible YFP--tubulin expression. 
During cell cycle progression, YFP--tubulin was incorporated mainly 
between the old and new flagellum-flagellum attachment zone (FAZ) 
complexes. The incorporation profile of -tubulin, a fundamental 
component of the microtubule indicated that during cell cycle 
progression in T.brucei, new microtubules were incorporated 
asymmetrically. This asymmetry in microtubule formation resulted in 
the daughter cell inheriting the newly formed flagellum-FAZ also 
retaining a majority of the YFP--tubulin cytoskeleton.  
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     The FAZ consists of filament structures subtending the 
flagellum and four microtubules (MtQ) closely associated with the 
endoplasmic reticulum. It plays a crucial role in attaching the flagellum 
to the cell body and mediating flagellum regulation of cell 
morphogenesis. This poorly defined structure contains -tubulin, an 
essential component of the microtubule organising centre (MTOC), a 
protein complex responsible for microtubule nucleation and 
stabilization. However, little is known about the specific functions of -
tubulin and its associated proteins at the FAZ. The presence of -
tubulin at the FAZ hints at a role of the FAZ in the organization of the 
subpellicular microtubule cytoskeleton. 
The generation of conditional knockout lines for-tubulin and 
inducible RNAi lines of MTOC proteins helped investigate microtubule 
mediated events such as basal body segregation, motility and the co-
ordinated extension of the flagellum-FAZ complex. Morphometric 
analyses of flagellum-FAZ complex in cells with ablated MTOC 
components indicate a disruption in the coupled assembly of these 
organelles.  
     This study aims to shed light on the mode of cytoskeleton 
replication and additionally describe the role of -tubulin and its 
associated proteins in the various microtubule related functions of 
T.brucei. Analyses of the newly forming flagellum / FAZ complex upon 
ablation of MTOC components indicates an intimate interaction 







List of tables 
Table 1. Plasmids used in this study ....................................................... 37 
Table 2. List of constructs generated in this study. ............................... 38 
Table 3. List of Antibodies used in this study for immunofluorescence,  
immunoblots. ............................................................................................. 42 








List of figures 
Fig. 1-1 Eukaryotic cytoskeleton. .............................................................. 4 
Fig. 1-2: Morphological changes associated with T. brucei life cycle. ... 9 
Fig. 1-3: Cellular organisation of T. brucei. ............................................ 14 
Fig. 1-4: Cell cycle progression of T. brucei ........................................... 19 
Fig. 1-5: Microtubule organization and regulation by FAZ. ................... 22 
Fig. 3-1: Inducible expression of YFP-α-tubulin in T. brucei. ................ 51 
Fig. 3-2: Incorporation of inducible YFP-α-tubulin in early cell cycle 
stages ......................................................................................................... 56 
Fig. 3-3: YFP-α-tubulin is incorporated primarily in the region between 
the old and new FAZ in duplicating cells. ............................................... 57 
Fig. 3-4: Asymmetric inheritance of newly formed subpellicular 
microtubules in T. brucei cell division. .................................................... 60 
Fig. 3-5: YFP-α-tubulin is incorporated non-selectively into the entire 
microtubule cytoskeleton in cells with prolonged induction. ................. 63 
Fig. 3-6: Sequence alignment of known Grip motif containing GCP2/3 
proteins. ..................................................................................................... 67 
Fig. 3-7: GCP2-RNAi is lethal. ................................................................. 68 
Fig. 3-8: Effect of GCP2-RNAi on cell motility ........................................ 70 
Fig. 3-9:GCP2 RNAi affects flagellum/FAZ elongation. ........................ 71 
Fig. 3-10: Specificity of anti γ-tubulin antibody. ..................................... 76 
 xiv 
 
Fig. 3-11: FAZ ablation delocalizes γ-tubulin. ........................................ 79 
Fig. 3-12: γ-tubulin is essential. ............................................................... 81 
Fig. 3-13: Effect of γ-tubulin ablation on cell motility. ............................ 83 
Fig. 3-14: γ-tubulin depletion affects co-ordinated flagellum/FAZ 
elongation. ................................................................................................. 85 
Fig. 3-15: EB1 levels are affected upon GCP2 or γ-tubulin ablation. .. 86 
Fig. 4-1: Pictorial representation of cytoskeleton inheritance models in 
T.brucei. ..................................................................................................... 91 
 xv 
 
List of symbols 
Aa Aminoacid 
BB Basal body 
BioID Proximity-dependent biotin identification 
Bla Blasticidin 
Bp Base pair 
BSF Bloodstream form 
CDS Coding sequence 
cKO Conditional Knock out 
C-ter C-terminal 
DAPI   4,6- diamidino-2- phenylindole 
EB End-binding 
FAZ Flagellum attachment zone 
FC Flagella connector 
FP Flagellar Pocket 
FPC   Flagellar Pocket Collar 
GCP -tubulin complex protein 




kDNA Kinetoplast DNA 
MT Microtubule 
MTOC Microtubule organisation centre 
MtQ Microtubule quartet 
N-ter N-terminal 
pBB Pro basal body 
PBST Phosphate buffered saline with 0.1 % Tween20 
PCF Procyclic form 
 xvi 
 
PCR Polymerase chain reaction 
PFA Paraformaldehyde 
PFR Paraflagellar Rod 
Phleo Phleomycin 
pMtQ proximal MtQ 
PTM post-translational modifications 
RNAi RNA interference 
RT Room temperature 
SDS-
PAGE 
Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis 
TBST Tris-Buffered Saline with 0.1 % Tween20 
Tet Tetracycline 
UTR Untranslated region 
γTuRC -tubulin Ring complex 




1.1: Eukaryotic cytoskeleton. 
The cytoskeleton consists of filamentous systems present within 
the cell, and is responsible for cell morphology, cytokinesis, growth and 
differentiation. It is therefore involved in a variety of cellular functions 
such as spatial organization of cellular constituents, physical and 
biochemical interactions with the external environment, and movement 
and morphological alterations by generation of forces.  
In this context, being referred to as a "skeleton" creates an often 
misleading image of a rigid structure, with little interaction with the 
cellular processes occurring in its vicinity. In reality, the cytoskeleton is 
a polymer of dynamic components that are in flux with themselves and 
other interacting proteins. This enables the cytoskeleton to establish a 
long range structural order based on the controlled self-assembly of the 
monomers, the dynamic flux, and the presence of spatial and temporal 
signals. In addition to influencing the physical parameters of the cell 
and governing cell behaviour, the cytoskeleton also establishes 
structural cues capable of influencing future cellular processes based 
on the past, thus acting as "cellular memory" (Moreira-Leite et al., 
2001; Sonneborn, 1964).  
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1.1.1: Cytoskeletal components 
Three main classes of cytoskeleton building blocks, namely, 
actin filaments, microtubules and intermediate filaments, have been 
classified on the basis of their stiffness, dynamic assembly into polar 
structures, and molecules that interact with them.  
The microtubules are the stiffest of the lot (Brangwynne et al., 
2006) , consisting of hollow tubes with 13 protofilaments aligned 
laterally and each protofilament is formed by heterodimers of -
tubulin. The microtubules have been synonymous with their property of 
"dynamic instability" (Erickson and O’Brien, 1992; Howard and Hyman, 
2009), an ability to alter between growth, steady state and a rapidly 
depolymerising phase. The microtubules have also been found to form 
a variety of structures such as asters, bundles and tracks (Heald et al., 
1996; Mullins et al., 1998). Both the forms and dynamics of the 
microtubules have important functional implications in different cellular 
processes. 
The actin filaments, on the other hand, do not switch between 
discrete states. Instead, actins elongate linearly, maintaining the force 
generated. Unlike microtubules that typically originate from nucleating 
sites, the formation of actin filaments occurs locally, thus actins tend to 
form highly branched structures within the cell (Mullins et al., 1998). 
Moreover, the polar nature of their assembly leads to the formation of 
tracks, which are used by directional motor proteins. 
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Both microtubules and actin filaments are "cytomotive ”(Löwe 
and Amos, 2009), acting as linear motors due to their polymerizing 
kinetics. The intermediate filaments, on the other hand, form non-polar 
polymers and tend to play a more structural role as scaffolds. They can 
be highly cross-linked to themselves and to the other filament systems 
and play a vital role in resisting tensile forces (Flitney et al., 2009; 







Fig. 1-1 Eukaryotic cytoskeleton. Organisms shown in pairs of dividing (Right) and non dividing cells (Left). Actin filaments (Red) are 
observed at polarized locations within the interphase cells and migrate to the contractile ring during cytokinesis of  yeast (S.pombe) and 
mammalian (H.sapiens) cells during cytokinesis. The microtubules (Orange) originate from distinct structures, the spindle pole bodies or 
centrioles (Yellow) in yeast and mammalian cells respectively. These play a vital role in segregation of genetic material dur ing 




1.1.2: Segregation and inheritance during the cell cycle 
The cytoplasmic compartmentalization to form discrete 
organelles in eukaryotic cells is brought about by the organization of 
specific proteins into discrete membrane bound or structural units 
capable of contributing to specific molecular mechanisms (Fagarasanu 
et al., 2007; Marshall, 2008; Shorter and Warren, 2002). In spite of a 
variety in the morphology, copy number and functional roles of the 
organelles such as the Golgi apparatus, the mitochondria or the 
centrioles, the faithful duplication and inheritance of subcellular 
organelles is of primary importance for a cell and the exact mechanism 
may vary (Chaturvedi and Beal, 2013; Hatch and Stearns, 2010). 
De novo organelle formation is energetically unfavourable and 
the necessity of inheriting genetic information within organelles such as 
mitochondria and chloroplasts has encouraged the evolution of 
mechanisms of organelle partitioning (Warren and Wickner, 1996). 
Biogenesis and inheritance of organelles lacking genetic materials is 
less well understood, particularly those with high turnover and dynamic 
nature such as Golgi and ER.  In the budding yeast Saccharomyces 
cerevisiae, it has been observed that the early Golgi is produced de 
novo in buds whereas the late Golgi stacks are contributed by the 
mother (Pon., 2008; Reinke et al., 2004) and that this could be a 
conserved process (He et al., 2004).  
An underlying molecular coordination that appears evident in the 
process of organelle inheritance is the role of an actin cytoskeleton in 
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organelle distribution and inheritance (Bretscher, 2003). For instance, 
the precise segregation of ER and Golgi complex depends on class V 
myosin motors (Boldogh et al., 2004; Reinke et al., 2004; Rossanese et 
al., 2001), whereas the mitochondria resort to actin polymerization to 
transport themselves (Boldogh et al., 1998). The actin plus end binding 
protein Formin helps catalyse actin cable formation, define polarity and 
regulate organelle inheritance (Bretscher, 2003). In addition, actin is 
also involved in cytokinesis, which is the final stage of cell division that 
leads to the formation of the daughter cells.  Formin helps define the 
future bud site in S. cerevisiae (Pruyne and Bretscher, 2000). In fungi 
and animal cells, the assembly of an acto-myosin contractile ring is 
required to separate the daughter cells in co-ordination with a host of 
other proteins (Eggert et al., 2006; Pollard and Wu, 2010). The final 
process of separation involves membrane assembly and re 
organization leading to the formation of the daughter cells. This 
process also ensures the faithful segregation of the genetic 
components of the cells as well as the organelles such as 
mitochondria, Golgi and ER.  
In early diverged Eukaryotes such as those belonging to the 
Kingdom Excavata (including many important human pathogens such 
as Trypanosomes, Giardia, and Trichomonas), a role of actin in 
cytokinesis seems unlikely and they do not possess myosin II, a 
component of the contractile ring (Pollard, 2010). These organisms 
therefore rely on an alternate, actomyosin-independent cell division 
mechanism to segregate their organelles and maintain their 
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characteristically polar cell structure (Farr and Gull, 2012; Souza and 
Attias, 2010).  
1.2: Trypanosoma brucei  
Trypanosomes belong to the taxa kinetoplastida, which 
encompasses unicellular organisms that have deviated from the branch 
that gave rise to metazoa almost a billion years ago (Douzery et al., 
2004; Simpson et al., 2006). These parasites of the family 
trypanosomatida have evolved divergently from other well-studied 
model organisms and have developed many unique modifications 
(Simpson et al., 2006). These flagellated cells exhibit a digenic life 
cycle successively replicating in an insect vector, the tsetse fly 
(procyclic form) and a mammalian host (bloodstream form) with several 
transitional forms. These forms exhibit a variety of morphologies 
characteristic of each stage of the life cycle and allows adaptation to 
different living niches (Rotureau et al., 2011; Sharma et al., 2008; 
Vickerman, 1985) (Fig. 1-2). 
The bloodstream form of T. brucei is the causative agent of the 
Human African trypanosomiasis (HAT, African sleeping sickness) in 
humans and nagana in cattle (Brun et al., 2010). These parasites are 
responsible for both mortality and morbidity in the sub-Saharan African 
countries, where almost 60 million people are at risk (Kennedy, 2004). 
Since vaccines are not available and chemotherapy has been 
associated with high toxicity and drug resistance (Baker et al., 2013; 
Wilkinson and Kelly, 2009), further studies into the unique aspects of 
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kinetoplastid biology are important for development of new, effective 
therapies. 
T. brucei brucei shares many features with the other infectious 
sub-species such as T. brucei gambiense and T. brucei rhodesiense, it 
is therefore routinely used as a model for cell biology and animal 
studies. The ability to genetically manipulate these cells by inducible 
RNA interference (Wang et al., 2000), over expression, constitutive 
protein over expression and endogenous replacement of genes by their 
tagged variants has provided a variety of means to perturb this system 
(Shen et al., 2001). Studies using T. brucei as a model has led to 
discovery and/or better understanding of novel mechanisms such as 
RNA editing (Benne, 1995; Benne et al., 1986), RNA interference 
(Bastin et al., 2000; Shi et al., 2000), trans-splicing (Murphy et al., 
1986; Sutton and Boothroyd, 1986), compartmentalization of glycolysis 
and surface glycoprotein variations (Cross, 1978; Pays et al., 2004). In 
recent years, the sequencing of the complete genome (Berriman et al., 
2005) and a variety of proteomic analyses (Bridges et al., 2008; 
Colasante et al., 2006; Hart et al., 2009; Oberholzer et al., 2011; Zhou 
et al., 2010) have also made T. brucei a useful system to study 
intraflagellar transport, flagellum biogenesis, organelle positioning 
(Absalon et al., 2008b; Gheiratmand et al., 2013; Lacomble et al., 
2009; Lacomble et al., 2010; Robinson et al., 1995; Wheeler et al., 
2013b) and also for examining genes involved in ciliary diseases 
(Baron et al., 2007).  
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Fig. 1-2: Morphological changes associated with T. brucei life 
cycle. The forms extensively seen in the mammalian host are the replicative 
slender trypomastigote and the stumpy, non-replicative form capable of 
infecting the tsetse fly. These cells are named upon the position of the 
flagellum apparatus with respect to the nucleus and the extremities of the cell 
body. Once inside the fly, the stumpy forms undergo differentiation and 
proliferate as the procyclic trypomastigotes. These procyclic cells undergo 
further morphological changes into extended, non-proliferative mesocyclic 
trypomastigotes while migrating to the anterior mid gut. Upon attachment to 
the wall of the salivary gland they differentiate to the trypomastigote 
metacyclic forms, which are capable of infecting a mammalian host when the 
fly deposits its saliva (Lee et al., 2007; Vickerman, 1985) . 
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1.2.1: Cellular architecture of T. brucei 
Studies described in this thesis focused on the procyclic form of 
T. brucei, which has a long and slender cell body (Hemphill et al., 
1991) with a tapered anterior end that corresponds to the direction of 
movement. This auger-like shape is a consequence of the stable, 
highly cross-linked and polarized subpellicular microtubule 
cytoskeleton (Angelopoulos, 1970).  The subpellicular microtubule 
array contains more than 100 microtubules (Vickerman et al., 1976) 
that are crosslinked laterally  beneath the plasma membrane, forming a 
microtubule sheet with an inter-microtubule spacing of 18-22 nm and 
wrapping around the cell body following a helical pattern along the long 
axis of the cell. 
Enclosed in the sub-pellicular microtubule cytoskeleton are the 
intracellular organelles, some typical of all eukaryotes and some 
unique to trypanosomes. One of the discerning features of the order 
kinetoplastida is the kinetoplast, which contains the mitochondrial 
genome. The kinetoplast is approximately 100 x 650 nm in dimension, 
residing in a specialized, posterior region of a single mitochondrial 
network (Gluenz et al., 2011) . Mitochondrial DNAs are present in two 
types of rings, the maxi-circles (23Kb) and thousands of mini-circles 
(1Kb) that are linked in a planar, disc network. A filamentous network 
known as the tripartite attachment complex (TAC) links the kinetoplast 
to the proximal end of the basal bodies (Ogbadoyi et al., 2003), which 
seed axenomal microtubule to form the flagellum. In addition to the 
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kinetoplast, studies have also hinted at a tight connection between the 
mitochondrial network and the microtubules (Matthews et al., 1995). 
The mitochondrial network spans across the entire cell, While it is 
tightly linked to basal bodies and flagellum through the kinetoplast, it 
may also be anchored to both the posterior and anterior ends of the 
subpellicular microtubule array by unknown mechanisms (Tu et al., 
2005; Vassella et al., 1997). 
 The flagellum exits the cell body through an invagination of the 
plasma membrane that forms the flagellum pocket, and follows a left 
handed helical path anteriorly while remaining attached to the cell body 
(Gull, 1999; Robinson et al., 1995; Sherwin and Gull, 1989b). The 
flagellum has a canonical 9+2 axonemal microtubule organization with 
an additional para-axonemal structure termed the paraflagellar rod 
(PFR) (Cachon et al., 1988; Vickerman, 1962). The PFR, observed in 
kinetoplastids, dinoflagellates and euglenoids, is a lattice like structure 
running along the length of the flagellum (Bastin et al., 1996b). The 
PFR consists of finely organized, crystal-like units assembled in tight 
association with the axoneme as soon as the axoneme exits the 
flagellum pocket (Hemphill et al., 1991). The PFR has been regarded 
as a scaffold for a variety of metabolic enzymes and signalling 
molecules (Oberholzer et al., 2007; Pullen and Ginger, 2004; Ridgley 
et al., 2000) in addition to its fundamental role in motility (Bastin et al., 
1998; Rodríguez et al., 2009; Santrich et al., 1997). It has also been 
described as a biomechanical spring, storing and transferring the force 
generated by the axoneme (Hughes et al., 2012; Koyfman et al., 2011).  
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The attachment of the flagellum to the cell body is mediated by a 
poorly understood flagellum attachment zone (FAZ) (Sherwin and Gull, 
1989b). Ultrastructurally, the FAZ is defined as a complex of electron-
dense protein filaments and a microtubule quartet (MtQ) consisting of 
four microtubules that are appositive to the smooth endoplasmic 
reticulum (Lacomble et al., 2012; Sevova and Bangs, 2009). The MtQ 
are an integral part of the subpellicular microtubule array, but unlike the 
other subpellicular microtubules (see below), the MtQ are nucleated 
from a region near the basal bodies, structures that seed the axoneme 
of the flagella (Absalon et al., 2007). The attachment of the flagellum is 
also governed by a set of structures found on the flagellum side, 
emerging from doublet 7 of the axoneme, termed "FAZ connector" 
(Ralston et al., 2009) and like the FAZ filament, they do not penetrate 
the membrane. A variety of proteins have been found to localize to the 
FAZ and characterization of these proteins has helped understand its 
functional roles (see 1.2.3: The role of the FAZ on cell morphology). A 
recent study employing cryo-EM also revealed the presence of fibrous 
connections linking the flagellum and cell membrane through 
extracellular appendages termed as "staples" (Höög et al., 2012). 
While some glycosylated transmembrane proteins have been localized 
to the flagellum/cell membrane adhesion region and have been found 
critical for proper adhesion (LaCount et al., 2002; Rotureau et al., 2014; 
Sun et al., 2013), the exact molecular composition of the ‘staples’ is yet 
to be understood. 
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Anterior to the basal body - kinetoplast complex lies the Golgi 
apparatus and the nucleus. Like other single-copied organelles, the 
Golgi and the nucleus may also be in association with the microtubule 
cytoskeleton, directly or indirectly (Sherwin and Gull, 1989b; Wheeler 
et al., 2013b; Woodward and Gull, 1990). Closely associated with the 
Golgi, lies a bi-lobed structure which has been found essential for 
proper organelle segregation through the formation of a network linking 
a variety of organelles (He et al. 2005; Morriswood et al. 2009; 
Gheiratmand et al. 2013) (Fig. 1-3). T. brucei contains a fantastic 
collection of membrane bound organelles such as the flagellar pocket 
that is critical for all endocytic and exocytic activities (Landfear et al., 
2001; Overath et al. 1997), the glycosomes that delimit the glycolytic 
enzymes (F R Opperdoes, P Baudhuin, I Coppens, C De Roe, S W 
Edwards, P J Weijers, 1984; Michels et al., 2006), and the calcium- 
and phosphate-rich acidocalcisomes that play a vital role in calcium 
homeostasis and osmoregulation (Docampo et al., 2005; Moreno et al., 
1992). Some of the membrane-bound organelles, including the 
mitochondrion, the Golgi and the flagellum pocket, are present at a 
single copy per cell. Tethering to the microtubule cytoskeleton 
therefore provides a mechanism allowing co-ordination and regulation 
of organelle duplication and segregation as the cell is progressing 
through the cell cycle (Robinson et al., 1991; Trevor Sherwin et 





Fig. 1-3: Cellular organisation of T. brucei. (A) The kinetoplast 
containing the condensed mitochondrial genome is in close association with 
the mature basal body (red) that seeds the microtubular axoneme in the 
flagellum (green) and the probasal body (red) that situates next to the mature 
basal body. The flagellum exits the cell body at the flagellar pocket (orange) 
and remains attached to the cell body as it extends anteriorly. A single 
nucleus (larger blue) lies at the center of the cell, anterior to the Golgi, which 
lies at the proximal base of the flagellum, near the flagellar pocket. (B) 
Scanning EM image of the detergent extracted cell body of T. brucei reveals  
the intricate organization of the microtubule cytoskeleton (Yelinek et al., 2009; 
Zhou et al., 2011). 
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1.2.2: Organelle inheritance and cell cycle 
The structural aspects of cell division in Trypanosoma brucei 
proceed with accurate temporal and spatial duplication of cell 
organelles, resulting in a highly organized and polarized cell (Sherwin 
and Gull, 1989b; Yelinek et al., 2009),. The binary fission-like 
duplication mechanism proceeds without apparent disassembly of the 
subpellicular microtubule structure at any time of the cell cycle. 
Furthermore, actin, though encoded and expressed by T. brucei, does 
not have an apparent function in organelle duplication, inheritance or 
cell division (García-Salcedo et al., 2004).  
Among the earliest T. brucei cell cycle events are two co-
ordinated S-phases corresponding to the mitochondrial and the nuclear 
genome (Woodward and Gull, 1990). Replication of kDNA network 
precedes that of the nucleus. First, the minicircles are released into the 
space between the network disk and the mitochondrial membrane 
termed the kinetoflagellar zone (KFZ). Once their unidirectional 
replication initiates, the minicircles are segregated and transported to 
the antipodal sites of the disk where a mitochondrial topoisomerase II 
reattaches them to the network (Ferguson et al., 1992; Robinson and 
Gull, 1994). Unlike minicircles, the maxicircles remain attached to the 
network during unidirectional replication(Carpenter and Englund, 1995; 
Hajduk et al., 1984). Interestingly, during the duplication, the gross 
organization of the kinetoplast remains unaffected except for its radial 
enlargement. Moreover, the forces driving the shift of the disk with 
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respect to the antipodal sites remain unknown, although this has been 
known to occur in tandem with the rotation of the basal bodies (see 
below) (Gluenz et al., 2011; Liu and Englund, 2007; Pérez-Morga and 
Englund, 1993).  
The segregation of the duplicated kinetoplasts is physically and 
temporally linked to that of the basal body (Robinson and Gull, 1991; 
Woodward and Gull, 1990). Even before kinetoplast duplication, a 
complex series of maturation and duplication processes have taken 
place at the basal bodies. The pro basal body, initially lying 
orthogonally and anterior to the mature basal body, upon maturation, 
seeds the new flagellum. As the newly sprouting flagellum elongates, 
the newly matured basal body that seeds the new flagellum rotates 
anticlockwise around the mature flagellum, thereby moving from an 
anterior to a posterior position. The rotational movement of the basal 
body also rotates the kinetoplasts, through the TAC (Gluenz et al., 
2007; Lacomble et al., 2010; Ochsenreiter et al., 2008), and may also 
help to define the new flagellum pocket (Lacomble et al., 2010). 
The new flagellum extends and penetrates the flagellum pocket 
membrane, and its distal tip becomes physically attached to the side of 
the existing old flagellum by a mobile transmembrane junction termed 
the flagellum connector (Moreira-Leite et al., 2001). Through this 
mobile connection, as the new flagellum elongates, it follows and 
duplicates the exact left handed helical pattern of the old flagellum 
(Briggs et al., 2004; Moreira-Leite et al., 2001), providing a classic 
example of cytotaxis (Beisson, 2008; Sonneborn, 1964).  
 17 
 
The assembly of the new FAZ begins closely with the rotation of 
the basal body. FAZ was observed to initiate earlier than the PFR, 
growing at different rates while remaining tightly correlated (Kohl et al., 
1999). This association of the FAZ/flagellum extension pauses, at ~2/3 
of the flagellum length, at which point basal body-kinetoplast 
segregation occurs (Absalon et al., 2007) (Fig. 1-4).  
Studies have shown that while the kinetoplast duplicates and 
segregates, the flagellum pocket, the Golgi and adjacent bi-lobe 
duplicate and segregate together. This highly co-ordinated duplication 
and segregation is likely mediated by physical tethering of these 
organelles in an extended network that involves microtubules 
(Gheiratmand et al., 2013; Wheeler et al., 2013b). 
Following complete segregation of the above mentioned 
organelles, the nucleus containing duplicated genome divides in a 
‘closed’ mitosis where nuclear membrane remains intact (Ogbadoyi et 
al., 2000). An intranuclear spindle forms and drives the division of the 
nucleus. Interestingly, one of the nuclei remains stationary while the 
other migrates posteriorly into the region between the two segregated 
kinetoplasts (Fig. 1-4). This migration is most apparent in the procyclic 
form (Sherwin and Gull, 1989b; Wheeler et al., 2013b; Woodward and 
Gull, 1990).  
The cytokinetic furrow initiates at the anterior, presumably, at 
the end of the new FAZ and proceeds helically to the posterior end 
(Fig. 1-4). The old flagellum and old FAZ are retained in one of the 
daughter cells while the new set is incorporated into the other daughter 
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cell. Rotokinesis-driven opposing helical flagellar motility has been 
identified to be necessary for the final stages of cell separation 
(Ralston et al., 2006) as an actin-myosin based contractile ring is 
absent in the process of cell abscission (Hammarton, 2007).  
Progression of the cell cycle requires extensive growth and 
remodelling of the subpellicular microtubule network, allowing the 
increase in cell size to accommodate the duplication and segregation 
of organelles.  Growth in the microtubule array is generally thought to 
occur by the posterior extension and the intercalation of the new 
microtubules into the subpellicular corset (Sherwin and Gull, 1989a). 
However, the spatial occurrence of these events is poorly understood 
at the individual microtubule level, along with the lack of knowledge of 
the co-ordination of the duplication and segregation of the organelles 




Fig. 1-4: Cell cycle progression of T. brucei. The progression through 
the cell cycle begins with the maturation of the probasal body, which seeds 
the new flagellum. Upon duplication of the basal body, the new basal body 
subtending the new flagellum repositions itself posteriorly during the 
duplication of the kinetoplasts. The completion of kinetoplast duplication is 
marked by the segregation of the basal body and the associated kinetoplast-
flagellum complex. Mitosis proceeds by repositioning the new nucleus 
posteriorly between the separated basal bodies. The cytokinetic furrow then 
penetrates from the anterior tip of the FAZ, moving posteriorly, resulting in two 
daughter cells with one set of organelles each. The posterior daughter 
asymmetrically inherits the new flagellum/FAZ and basal body complex while 
the anterior daughter retains the old structures. During cell cycle progression, 
cell body extends posteriorly by the separation of the basal bodies by ~6µm 
and the increase in width by ~2µm in order to accommodate the duplicated 
organelles (Robinson et al., 1995; Wheeler et al., 2013a). 
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1.2.3: The role of the FAZ on cell morphology 
The FAZ complex that is composed of the electron dense 
filaments and the MtQ in close association with the ER, remains within 
the cell body subtending the flagellum (Lacomble et al., 2012; 
Vickerman, 1969; Zhou et al., 2011). The normal functions of the 
flagellum, from motility to cell division, organelle positioning and cell 
morphology, require the FAZ (Kohl et al., 2003; LaCount et al., 2002; 
Sun et al., 2013; Zhou et al., 2011).  
Only a few proteins have been located to the FAZ and these 
include the flagellum membrane adhesion protein FLA1, a FAZ filament 
component FAZ1, and two proteins TbCC2D and TbVAP that are likely 
present on both FAZ filament and FAZ-associated ER (Lacomble et al., 
2012; Zhou et al., 2011). Depletion of FLA1 (LaCount et al., 2002) and 
FAZ1 (Vaughan et al., 2008) both result in improper FAZ formation and 
cytokinetic defects. TbCC2D has been determined to be essential for 
the formation of the new FAZ (Zhou et al., 2011). Interestingly, RNAi 
ablation of this protein did not completely inhibited cytokinesis, at least 
not in the early induction stage. Cell division results in formation of two 
different types of daughter cells. One type inherits the old flagellum and 
old FAZ; both seem unaffected by TbCC2D depletion. These cells 
appear normal in cell size or polarity. The other type inherits the newly 
formed flagellum which is detached from the cell body due to lack of a 
new FAZ. These cells are shorter and contain disorganized 
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cytoskeletal architecture especially at the anterior end of the new 
daughter cell (Fig. 1-5).  
Studies on the components of the FAZ connectors (Oberholzer 
et al., 2011; Rotureau et al., 2014; Sun et al., 2013) have hinted at a 
role of the initial nucleation of the FAZ , prior to flagellum formation 
(Kohl et al., 1999), in ensuring the tethering of the new basal body. 
This short FAZ (<5µm) root has been predicted to be sufficient to 
prevent the migration of the new basal body to the extreme posterior 
end, as observed in mutants that lack new FAZ formation (Bonhivers et 
al., 2008). However, the FAZ root was found to be insufficient to induce 
cytokinesis, whereas a longer FAZ (~6μm), extending to the anterior 
end was the minimum length required to facilitate furrow ingression 
(Sun et al., 2013). 
Together, these findings suggest an intimate connection 
between the FAZ and the subpellicular microtubules and a role of FAZ 
in determining the size of the new daughter cell by regulating the 
synthesis and organization of its subpellicular microtubules, in addition 




Fig. 1-5: Microtubule organization and regulation by FAZ.(A) 
Pictorial representation of cytokinesis in the wild type cell (above) and in cells 
with disrupted FAZ resulting in shorter daughter cells with detached flagella 
(below). (B) The well organized and highly cross linked cytoskeleton of T. 
brucei is observed in the control cells, whereas upon ablation of the FAZ, the 
daughter cell appears to be shorter with extensively disorganized 
cytoskeleton system. Scale bar: 5 µm. Adapted from Zhou et al., (2011). 
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1.3: The microtubule cytoskeleton of T. brucei 
Microtubule-dependent events occur throughout the cell cycle of 
trypanosomes in structures like the flagellar axoneme, FAZ, basal 
bodies, intra nuclear spindle (Gull, 1999) and the subpellicular  
microtubule corset. Other than these well characterized 
(morphologically at least) microtubule-containing or microtubule 
organizing structures, there are likely other microtubules present. A 
tomography study revealed the presence of a microtubule like structure 
lying along the FAZ at the neck region of the flagellum, a transition 
zone between the flagellum pocket membrane and the cell membrane 
(Lacomble et al., 2009). It is now believed to constitute a TbCentrin4 
containing arm of the bi-lobe (Esson et al., 2012), though the nature 
and function of this structure remain unclear. The microtubule 
cytoskeleton of trypanosomes therefore has several differences, both 
structurally and functionally, to that of higher eukaryotes.  
1.3.1: Tubulins and microtubule-associated proteins 
(MAPs) 
The T. brucei genome reveals that the tubulin genes are 
clustered as 13-18 tandem repeats of identical α/β tubulin gene pairs 
(Sather and Agabian, 1985; Seebeck et al., 1983). Some of the tubulin 
specific post-translational modifications (PTM), tyrosination and 
polyglutamylation, have been identified in T. brucei in addition to non-
tubulin specific modifications like phosphorylation and acetylation 
(Sasse and Gull 1988; Schneider et al. 1997).  
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Acetylated α-tubulin has been found to be associated with the 
axoneme and the subpellicular microtubules. This reversible 
modification has been observed to occur after microtubule assembly. 
The presence of acetylated -tubulin in stable microtubules is regarded 
as a consequence of the availability of α-tubulin substrates for the 
acyltransferase enzyme as transient mitotic microtubules are 
extensively acetylated in T. brucei (Sasse and Gull 1988).  
A second post-assembly modification of -tubulin has been 
known to occur where a carboxypeptidase cleaves the C-terminal 
tyrosine of -tubulin, resulting in detyrosination of -tubulin soon after 
its incorporation into the microtubules. This property could be exploited 
in trypanosomes which possesses a relatively stable microtubule 
structure to visualize the newly assembled microtubules with a 
monoclonal antibody YL1/2, which is specific for tyrosinated -tubulin 
(Sherwin et al., 1987). These studies have helped in the understanding 
of microtubule modifications during the various cell cycle stages of T. 
brucei in addition to specific events during organelle duplication and 
inheritance. Several reports indicate a correlation between the age of 
the microtubules and their state of tyrosination where the existence of 
detyrosinated microtubules is believed to be a consequence of the 
temporal presence of -tubulin as a substrate (Idriss, 2000). The 
biological role and the regulation of this tyrosination cycle in T. brucei 
are not very clear, although the interaction of detyrosinated microtubule 
with vimentin-based intermediate filaments in a kinesin-dependent 
process has been observed (Kreitzer et al., 1999).   
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Moreover, extensive glutamylation of the C-terminus glutamate 
residue of both the tyrosinated and detyrosinated α/β tubulin have been 
reported to occur in other organisms. The extent of polyglutamylation 
and polyglycylation has been observed as a gradient in axonemes, 
giving rise to functionally distinct domains in paramecium (Isabelle 
Péchart, Marie Louise Kann, Nicolette Levilliers, M. H. Bré, 1999). 
However, microtubule glycylation has not been detected in 
trypanosomes (Schneider et al., 1997).  
The specific functions performed by post-translational 
modifications of microtubules depend extensively on the nature of the 
cytoskeleton in which they are found and in this aspect trypanosomes 
have certain unique features. MAPs have been identified in T. brucei 
and have been observed to constitute the components of the 
microtubule cross bridges (Balaban and Goldman, 1992; Balaban et 
al., 1989; Detmer et al., 1997; Woods et al., 1992) or the microtubule 
plasma membrane linkages (Schneider et al., 1988). MARP-1 belongs 
to a high molecular weight microtubule-associated protein with 
tandemly arranged 38-amino acid repeats which have been 
characterized to represent a novel microtubule binding motif (Hemphill 
et al., 1992). WCB210 is another protein possessing a putative 
microtubule binding domain and a membrane interacting C2 domain. It 
localizes to the inner face of the plasma membrane, thereby anchoring 
it to the microtubule cytoskeleton. Studies on WCB-210 reveal the 
function of these linkages in maintenance of cell shape and 
morphogenesis (Baines and Gull, 2008). GB4 (Rindisbacher et al., 
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1993), a putative microtubule end-capping protein, has been found to 
be enriched in the posterior end of the cell. CAP15 and CAP17 are 
other end-binding proteins, which show a distinct life cycle-dependent 
expression profile localizing to the anterior region of the corset 
(Vedrenne et al., 2002). A majority of these microtubule associated 
proteins appear to be unique to trypanosomes with an ability to auto-
activate the host immune system and stimulate an immune response in 
hosts which existed prior to infection (Detmer et al., 1997). 
1.3.2: The Microtubule Organizing Centers (MTOCs) in T. 
brucei 
Among the various mechanisms used to regulate the dynamics 
of microtubules such as elongation, sliding and bundling, the activation 
and localization of microtubule nucleation sites are of fundamental 
importance. The microtubule organizing centers (MTOCs) are 
nucleators that form a microtubule seed to initiate microtubule 
polymerization by associating with -tubulin heterodimers. tubulin 
is a critical component of these complexes and assembles into 
.tubulin Ring Complexes (.TuRC) through interactions with 
.tubulin complex proteins (GCPs). These ring shaped nucleators are 
further composed by Y-shaped repeating complexes containing two 
other GCPs, termed as the .tubulin Small Complex (.TuSC). These 
TuSCs are the functional units of the MTOCs in budding yeasts and in 
T.brucei due to the absence of other identifiable GCPs. 
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The MTOCs in trypanosomes occupy various niches, each with 
the potential to be regulated independently (McKean et al., 2003; Scott 
et al., 1997). The best characterized MTOC in T. brucei is the basal 
bodies, which seed the flagellum axoneme. γ-tubulin is a vital 
constituent of the MTOC. When γ-tubulin was ablated, the nucleation of 
the central pair microtubules of the newly extending flagellum was 
defective, impairing cell motility (McKean et al., 2003). In addition to the 
basal bodies, cytoplasmic MTOCs have specialized roles operating 
from at least two discrete locations.  One at the anterior end of the cell 
body, nucleating the subpellicular microtubules with their plus ends 
congregated posteriorly. A second location, close to the basal 
body/pro-basal body complex, nucleates the MtQ that are anti-parallel 
to the other subpellicular microtubules, with their plus ends located 
anteriorly (Gull, 1999; Robinson et al., 1995).  
An MTOC is also present in the nucleus and is responsible for 
the formation of intranuclear spindle during ‘closed’ mitosis, where the 
nuclear envelope remains intact (Vickerman and Preston 1970; 
Ogbadoyi et al. 2000b). Mechanism that allows selective import of 
tubulins during mitosis must be present. Little is known about the 
intranuclear MTOC, other than the presence of γ-tubulin on the MTOC 
during mitosis (Scott et al., 1997).  
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1.3.3: Microtubule modulations during cell cycle 
Careful measurements of the location of the various organelles 
during the cell cycle progression have revealed a central role of 
microtubule-mediated events in organelle duplication and segregation 
and cell growth (Sherwin and Gull, 1989b). The co-ordinated 
duplication and segregation of the organelles during the cell cycle 
stages of T. brucei require extensive cytoskeleton modifications. The 
reorganization of the cytoskeleton occurs during the maturation and 
rotation of the basal bodies, the extension of the flagellum/ FAZ 
complex and during the separation of the kinetoplasts. These 
processes result in the separation of a variety of single copy organelles 
and cytoskeletal elements such as the pocket and the collar, resulting 
in the extension of the cell length by about 6µm (Robinson et al., 1995; 
Wheeler et al., 2013a; Wheeler et al., 2013b). The precise extension of 
the cytoskeleton between the segregating basal bodies also correlates 
with the penetration of new microtubules between the FAZ structures. 
Further extension of the cytoskeleton occurs post mitosis (see below), 
thus bringing about an increase in cell volume in order to 
accommodate the two sets of organelles. Cytoskeletal modifications 
have also been observed prior to cytokinesis at the posterior end of the 
cells which help in the separation of the organelles into distinct 
cytoskeletons of the daughter cells (Wheeler et al., 2013b). 
 Immuno-electron microscopy (EM) studies using YL1/2 as a 
marker for newly-synthesized microtubules have implicated a template 
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model of subpellicular corset duplication, with newly assembled 
microtubules invading the pre-existing structure (Sherwin and Gull, 
1989a). Particularly in post-mitotic cells, the new microtubules are 
intercalated between the pre-existing microtubules to bring about an 
increase of about ~2µm in cell size. As the inter-microtubule spacing 
remains constant (see above), the number of supellicular microtubules 
in a cross section of a cell reflects the diameter of the cell at that 
region. The corset remains intact during cytokinesis with each daughter 
cell inheriting a complete corset semi-conservatively.  
This templated and semi-conservative duplication/inheritance 
model is of particular importance, and can explain nicely how, during T. 
brucei cell cycle, a new microtubule corset can be constructed with the 
same size and shape as the old corset. At the same time, the problem 
with this model is also obvious. In recent years, trypanosome 
morphological changes have been observed in life cycle development 
as well as in many cell division mutants(Peacock et al., 2013; Rotureau 
et al., 2011; Sharma et al., 2008; Vickerman, 1985; Wheeler et al., 
2013a). Unequal cell division appears to be a common theme leading 
to these morphogenesis events (Rotureau et al., 2014; Sharma et al., 
2008; Sun et al., 2013). An asymmetric mode of microtubule synthesis 
and inheritance would be essential to explain these observations. New 
microtubule polymerization activity and regulation could therefore not 
be equal in both daughter cells in order to produce daughters of 
different size.  
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Recent studies employing electron microscopy and YL1/2 as a 
marker for newly synthesized, tyrosinated microtubules have helped 
identify the various stages of cytokinesis. Prior to cytokinesis, 
microtubules are added between the new and the old flagellum 
(Wheeler et al., 2013b). Moreover, the membrane in-folding to mark the 
site of the cytokinetic furrow could potentially require alterations in 
microtubule cross-links or increase in surface area coupled with 
microtubule insertion. 
Other than the subpellicular microtubules, the FAZ microtubule 
or the MtQ is also of particular interest in organelle positioning and cell 
morphology. The nucleation of the microtubule quartet appears to 
occur in close proximity to the pro-basal body, even prior to the 
maturation of the pro-basal bodies (Lacomble et al., 2009; Lacomble et 
al., 2010; Robinson et al., 1995; Sherwin and Gull, 1989b; Vickerman, 
1969). As it extends and interacts with the flagellum pocket membrane, 
it provides the rotational forces, responsible for the posterior movement 
of the new basal body (Lacomble et al., 2010). Moreover, the old MtQ 
acts as a cytoskeletal support, defining the membrane boundary of the 
new flagellum pocket as the basal body rotation occurs. 
1.3.4: Microtubules as therapeutic targets: 
It is evident that microtubule-containing structures play a vital 
role in the cell cycle and pathogenesis of T. brucei and morphological 
changes are influenced by alterations of the microtubule cytoskeleton. 
In spite of conservation across the eukaryotes in the sequences of α 
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and β-tubulin, the subunits of microtubules, there seem to exist 
inherent differences in their susceptibility to microtubule interacting 
agents. Drugs such as Colchicine and Vinblastine are known to 
effectively disrupt mammalian microtubules, however they show 
reduced effects on trypanosomes (Filho et al., 1978; Grellier et al., 
1999). Benzimidazoles and related drugs, which tend to compete with 
Colchicine in binding with β-tubulin do not seem to affect 
trypanosomes as well(MacRae and Gull, 1990). However, drugs such 
as Maytansine and Ansamitocin, that interact with the Vinblastine site 
on tubulin, actively act on trypanosomes, preventing basal body 
segregation (Robinson and Gull, 1991). Treatment of trypanosomes 
with Rhizoxin, another Vinblastine site interacting drug, results in 
mitotic defects, leading to the formation of anucleate cells termed 
"zoids", most likely by depolymerization of microtubules(Robinson et 
al., 1995). This also highlighted the absence of mitotic checkpoint that 
prevents cytokinesis in T. brucei (Kumar and Wang, 2006). Oryzalin 
and Trifluralin (Chan and Fong, 1994) which are drugs that bind unique 
sites on α-tubulin, have no significant effect on mammalian cells, but 
tend to greatly disrupt the microtubule cytoskeleton of trypanosomatids 
(Bogitsh et al., 1999; Giles et al., 2009). Moreover, Phenothiazines 
have been studied to act on the cytoskeletal microtubules of 
trypanosomes (Seebeck and Gehr, 1983), leaving the axoneme 
unaffected morphologically (Page and Lagnado, 1995). Taxol, a 
microtubule stabilizing drug, has also been known to cause alterations 
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in the microtubule morphology (Baum et al., 1981; Dantas et al., 2003; 
Werbovetz et al., 2003). 
It is therefore evident that the microtubules offer a variety of 
binding sites that can be exploited to develop anti-trypanosomatid 
agents. Molecular modelling, chemical modifications and high 
throughput screens have led to the development of new agents with 
enhanced binding properties(Downing, 2000; Lama et al., 2012; Wu et 
al., 2006). It has been suggested that the toxic effects of 
trypanosomatid drugs on host cells could be overcome by the ability of 
engineering drugs with enhanced binding capabilities and by exploiting 
the inherently high rates of endocytosis observed in T. brucei cells 
(Coppens et al., 1988; Field et al., 2009; Webster and Griffiths, 1994). 
Future development of trypanosome specific drugs in such a concerted 
manner holds the promise of yielding drugs with enhanced activity and 
low host toxicity.  Further knowledge on T. brucei microtubule structure 
and function would greatly benefit this process. 
1.4: Aim of this study: 
The absence of an actin based structure in the cell body of 
trypanosomes highlights the role of microtubules in mediating a variety 
of events necessary for cell duplication. One fascinating feature of T. 
brucei division is the biogenesis and inheritance of a subpellicular 
microtubule cytoskeleton, which provides the structural basis for the 
highly organized and polarized T. brucei cell body and the accurate 
temporal and spatial duplication of subcellular organelles (He et al., 
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2004; Robinson et al., 1995). Previous studies on the biogenesis and 
inheritance of this subpellicular microtubule corset heavily relied on the 
YL1/2 antibody, which reacts to tyrosinated -tubulin and hence has 
been used as a marker for newly synthesized microtubules. Based on 
the YL1/2 labelling pattern, a semi-conservative model was proposed 
for subpellicular microtubule duplication in T. brucei. 
 The increase in cell size during duplication is therefore deduced 
to be brought about by intercalation and posterior extension of new 
microtubules into the existing subpellicular corset (Sherwin and Gull, 
1989a). However, the regulation of tyrosination cycles and its effect on 
microtubule dynamics is not thoroughly understood (Matthews et al., 
1995),  and the YL1/2 antibody is known to cross-react with another 
protein, TbRP2 (Andre et al., 2013). A new, improved method to 
monitor microtubule synthesis directly in T. brucei is needed. 
Furthermore, though the localization and function of γ-tubulin in 
flagellum motility have been previously characterized (McKean et al., 
2003; Scott et al., 1997), the microtubule-dependent mechanism of 
basal body-kinetoplast segregation remains unexplored. The unique 
location of the FAZ, interlinking the external flagellum to the various 
connected internal organelles, makes it an ideal component of the 
cytokinetic mechanism. Whether FAZ plays a role in new subpellicular 
microtubule synthesis is of particular interest.  
In this study, I first developed a tetracycline inducible YFP--
tubulin expression system to follow new microtubule synthesis during 
the cell cycle, which allowed detailed understanding of the 
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incorporation profile of -tubulin during the development of T. brucei 
Secondly, the role of the microtubule cytoskeleton with regard to new 
flagellum/ FAZ assembly was studied by perturbing new microtubule 
synthesis. Specifically, the role of γ-tubulin and a γ-tubulin ring complex 
component GCP2 in organelle inheritance and microtubule 
cytoskeleton was explored.  
Tracking the incorporation profile of YFP--tubulin could help 
determine the cause for asymmetry in the formation and inheritance of 
the cytoskeleton hinted by studies on other microtubule tracking 
proteins. Additionally, studies on microtubule organising proteins such 
as γ-tubulin and its associated protein could help identify the 
relationship between the microtubule cytoskeleton and the FAZ in 
determining cell morphology.  
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Chapter 2- Materials and methods 
2.1: Cell lines 
YTat1.1 procyclic form T. brucei rhodesiense were cultured in 
Cunningham medium containing 15% heat inactivated fetal bovine 
serum (BD Biosciences) at 28°C (Ruben et al., 1983). These ‘wild type’ 
cells were used to create overexpression cell lines. Other studies 
including inducible YFP--tubulin and γ-tubulin expression, 
endogenous replacements, and inducible RNA interference were 
carried out in the procyclic 29-13 T. brucei brucei cell line (Wirtz et al., 
1999). 29-13 cells were maintained in Cunningham medium containing 
15% heat inactivated tetracycline-free bovine serum (Clontech), 15 
µg/ml G418 and 50 µg/ml hygromycin at 28°C. The cells were 
maintained at exponential growth phase by diluting with fresh medium.  
2.2: Bioinformatics  
SMART (simple modular architecture research tool) available at 
http://smart.embl-heidelberg.de/ was used to identify and annotate 
domain sequences to study the GCP family proteins(Schultz et al., 
1998).Multiple sequence alignment was performed using a T-coffee 
algorithm termed as Expresso which progressively aligns a data set of 
all pair-wise alignments by incorporating PDB (Protein Data Bank) 




2.3: Plasmid construction and transfection 
Table 1 lists the backbone vectors used in this study. For DNA 
cloning, DNA sequences listed in Table 2 (cDNA sequence, DNA 
fragment used as RNAi-target, or 5’- and 3’-UTR sequences) were 
amplified by PCR using specific primers, digested and inserted into the 
respective sites in the vector. For RNAi, an automated, web-based 
program was used to search for suitable RNAi target 
(http://trypanofan.path.cam.ac.uk/software/RNAit.html) (Redmond et 
al., 2003). The   specific fragment was amplified and cloned into the 
p2T7 vector (Wickstead et al., 2002) or the pZJM vector (Wang et al., 
2000).  
 For stable transfections, 6×107 log-phase YTat1.1 or 29-13 cells 
were transfected with 15 µg of linearized plasmid by 2 pulses of 
electroporation (1500 V, 25 µF), 10s apart. Stable transfectants were 
selected with antibiotics at appropriate concentration and clones were 
picked by serial dilution under selection within 2 weeks. Transient 
transfections were performed using 50 μg of the plasmid under similar 







Table 1. Plasmids used in this study 
Vector Purpose  Origin/reference Selection drug in 
T. brucei 
Restriction sites used 
for linearization 
TOPO Endogenous replacement via 
homologous recombination 
Modified pCR4Blunt 
(Morriswood et al., 2009) 
 
Blasticidin PacI + NsiI 
pXS2 Stable or transient overexpression 
in procyclic cells only 
(Bangs et al., 1996) Blasticidin MluI 
pLew100 Inducible overexpression (Wirtz et al., 1999) Phleomycin NotI 
pZJM RNAi (Wang et al., 2000) Phleomycin NotI 
p2T7 RNAi (Wickstead et al., 2002) Phleomycin NotI 
pUC19_Bla Allele knock out Modified from NEB 
 GenBank Accession #: 
L09137 
Blasticidin Ecor1 + HindIII 
pUC19_Puro Allele knock out Modified from NEB 
 GenBank Accession #: 
L09137 
Puromycin Ecor1 + HindIII 
pLEW100-Myc-BirA* Inducible overexpression for BioID (Morriswood et al., 2013) Phleomycin NotI 







Table 2. List of constructs generated in this study.  






































pUC19_Bla - γ-tubulin Tb927.3.910 




F_3’-UTR (XbaI): GCTCTAGATGGGAGGTAGAGAAACACAACAC     
R_3’-UTR (HindIII): CCCAAGCTTTTGTGCAATAGAATCTGCTAACTCTC 
pUC19_Puro- γ-tubulin Tb927.3.910 




F_3’-UTR (XbaI): GCTCTAGATGGGAGGTAGAGAAACACAACAC     
R_3’-UTR (HindIII): CCCAAGCTTTTGTGCAATAGAATCTGCTAACTCTC 




2.4: Antibodies  
Anti γ-tubulin antibody: 
His-tagged γ-tubulin (His-γ-tubulin) was generated by cloning 
the full-length T. brucei γ-tubulin coding sequence in-frame into the 
expression vector pET30a+ (Novagen). His-γ-tubulin recombinant 
protein was then expressed in BL21 E. coli, and the protein was 
recovered from the inclusion bodies using 8M urea. The crude 
inclusion bodies sample was then washed with 6M urea and the protein 
pellet was separated by a sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE). The gel slice containing His-γ-tubulin 
was excised and proteins were eluted by mixing with an elution buffer 
(50mM Tris-HCl, 150mM NaCl, 0.1mM EDTA, pH 7.5) overnight at 
30°C. The eluted proteins were lyophilized after filtration and their 
purity was analyzed by SDS-PAGE. The lyophilized protein was 
resuspended in 0.5% SDS and transported to Abnova (Taiwan) 
Corporation in order to generate a polyclonal antibody in rabbits.  
Anti YFP antibody: 
Full-length EYFP (P21578) was fused to 6×His tag and 
expressed in E. coli strain BL21. The fusion protein was affinity purified 
using Ni-NTA resin as described in User’s Manual (Amersham 
Pharmacia Biotech), and then transported to Abnova (Taiwan) 
Corporation in order injected into rabbits for antibody production. The 






PFR1 and PFR2 antibodies: 
Full-length PFR1 (Tb927.3.4290) or PFR2 (Tb927.8.4970) 
cDNA was fused to 6×His tag and expressed in E. coli strain BL21. The 
fusion protein was affinity purified in the presence of 6M urea using Ni-
NTA resin as described in User’s Manual (Amersham Pharmacia 
Biotech), and then transported to Abnova (Taiwan) Corporation in order 
to inoculate rabbits. The polyclonal serum was purified using protein A 
columns. 
 
All the Antibodies used in this study for immunofluorescence (IF) 
and immunoblots (IB), their dilutions and references are mentioned in 






















Rat Santa Cruz Basal bodies 1:1000 1:2000 
L3B2 FAZ-1 Mouse/MC (Kohl et al., 1999) FAZ 1:25 - 
CC2D CC2D Rabbit (Zhou et al., 2011) FAZ 1:1000 - 
PFR1 PFR1 Rat This study Flagellum 1:2000 1:3000 
PFR2 PFR2 Rabbit This study Flagellum 1:5000 1:7000 
Anti-PAR PAR Mouse (Ismach et al., 1989) Flagellum 1:10000 - 
B-5-1-2 α-tubulin Mouse/MC Santa Cruz Microtubule 1:5000 1:5000 
KMX-1 β-tubulin Mouse/MC Roche Microtubule/ 
spindle 
1:1000 1:5000 
YFP YFP Rabbit This study - 1:500 1:1000 
BiP BiP Rabbit (Bangs et al., 1993) ER 1:1000 1:2000 
EB1 EB1 Rabbit (Li-Fern, 2012) Microtubule "+" end 1:50 1:100 
Anti- γ-tubulin γ-tubulin Rabbit This study Microtubule organizing 
centre 
1:750 1:750 
1B41 β-tubulin epitope Mouse/ MC 
(IgM) 
(Gallo and Precigout, 
1988) 
MtQ 1:1000  
Anti-Myc (9E10) c-Myc Mouse/ MC Santa Cruz Biotech, Inc. - 1:50 1:500 
Streptavidin-
HRP 
Biotin - Invitrogen - - 1:2000 




2.5: Immunofluorescene microscopy 
T. brucei cells were washed and re-suspended in phosphate 
buffered saline (PBS, pH 7.4) and settled on cover slips for attachment. 
The attached cells were then fixed and permeabilized with methanol at 
-20°C. Cytoskeleton extracts were obtained by incubating cover slips 
with attached T. brucei cells on droplets of freshly prepared PEM 
(100mM PIPES [piperazine-N,N'-bis(2- ethanesulfonic acid)], 1mM 
EGTA, 1mM MgSO4, pH6.9) containing 1% Nonidet P-40 for 5 min at 
room temperature. The cells were then fixed with 4% formaldehyde, 
blocked with 3% BSA in PBS and incubated with appropriate 
antibodies: anti-CC2D (Zhou et al., 2011) and L3B2 (Kohl et al., 1999) 
for FAZ, anti-PAR (Ismach et al., 1989) or anti PFR1 or PFR2 for the 
paraflagellar rod along the flagellum, and YL1/2 (Kilmartin et al. 1982; 
AbCam) for tyrosinated tubulin and the basal bodies. The kinetoplast 
and the nucleus were stained with DAPI (2g/ml). Images were 
acquired using Observer Z1 (Zeiss) equipped with a 63× NA1.4 
objective and a CoolSNAP HQ2  CCD camera (Photometrics), and 
processed with ImageJ and Adobe Photoshop. Wherever necessary, z-
series were collected at 0.5 m steps throughout entire parasite cells 






2.6: Western blot analyses 
The electrophoretic transfer of proteins from SDS-PAGE gels to 
PVDF membranes was done via the wet transfer technique. The 
membrane was initially submerged in methanol for few minutes.  The 
gel and the membrane were then sandwiched between Whatman filter 
papers and sponges (sponge/ 2×paper/ gel/ membrane/ 2×paper/ 
sponge). These are clipped tightly while submerged in the transfer 
buffer (25mM Tris, and 192mM Glycine, pH 8.2) so as to avoid bubbles 
between the layers. The blotting was performed at 70V for one hour. 
The immunological detection of the proteins was then carried out 
according to the following protocol: 
The membrane was blocked with Tris-Buffered Saline with 0.1 
% Tween20 (TBST)  (150 mM NaCl, 10 mM Tris pH8.0, 0.1% v/v 
Tween20) containing 5% skim milk powder for 1 hour at room 
temperature for most antibodies used or 3% BSA in Phosphate 
Buffered Saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 
KH2PO4 pH 7.4, 0.1% v/v Tween20) (PBST) for the anti-γ-tubulin 
antibody. The membrane was then incubated in TBST/ 1% skim milk 
powder containing an appropriate concentration of the primary antibody 
(See table 3) for 1 hour at room temperature. The membrane was then 
washed thrice for 10 minutes each in TBST/ 5% skim milk or 3% BSA 
in PBST. The membrane was then incubated in TBST/ 1% skim milk 
powder supplemented with an appropriate secondary antibody 
(peroxidase coupled). The membrane was then washed thrice for 10 
minutes each in TBST. The membrane was treated according to the 
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instructions of SuperSignal West Dura Extended Duration Substrate kit 
(Thermo Scientific) and the signal was detected by ImageQuant LAS 
4000mini (GE), a biomolecular imager. 
To reprobe the membrane, the existing antibodies were 
removed from the membrane by incubation in a mild stripping buffer 
(1.5% w/v glycine, 0.1%v/v SDS, 1% v/v Tween20, pH 2.2) or by a 
harsher buffer (100 mM 2-mercaptoethanol; 62.5 mM Tris-HCl; 2% v/v 
SDS; pH 6.8) as recommended by AbCam. 
2.7: Cell motility assays 
Cells were diluted using fresh culture medium to approximately 
105 cells/ml. 10 μl of diluted cell culture were loaded onto a 
hemocytometer and visualized using a 20× NA0.4 objective lens, within 
30 min of removal from the 28°C incubator. Images were captured 
every 0.5 second for a total of 60 seconds using a high-speed HSM 
camera (Zeiss). The movement of individual cells was traced using 
ImageJ software with MtrackJ plugin (Meijering et al., 2012). The mean 
velocity of individual cells was calculated according to the moving 
distance and moving time. 
2.8: Cell growth assays 
Prior to the initiation of the growth assay, log-phase T. brucei 
cells were diluted to 2×105 cells/ml. Cell density was measured by the 
cell counting function on Guava Easycyte  flow cytometry (Millipore) 
every 24h. During the assay, the cultures were maintained at log-
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phase, by dilution to 10
6
 cells/ml whenever the cell density increased 
beyond 10
6
 cells/ml. This was important to avoid saturation and ensure 
exponential growth conditions. Duplication index was calculated as log2 
(Nt×Df/N0), where Df is the dilution factor, Nt is cell density at each time 
point and N0 is the cell density at t=0. The growth curves were 
generated and doubling time was measured as reported earlier (Zhou 
et al., 2010). 
2.9: Immunoprecipitation of YFP-γ-tubulin 
To immunoprecipitate YFP-γ-tubulin, 100 µl protein G 
conjugated magnetic beads (Dynabeads, Invitrogen) were incubated 
with anti-GFP antibody for 1 hour at room temperature on a rotary 
shaker in order to bind the antibodies to the beads. 100ml log phase 
YFP-γ-tubulin cells (He et al., 2005) (with γ-tubulin overexpressed 
ectopically) were harvested by centrifugation at ~2000g for 10 min and 
washed in 50ml lysis BufferH (250mM sucrose, 50mM Hepes-KOH 
pH7.4, 25mM KCl, 4mM MgCl2) and once more in 25ml lysis BufferH . 
Cells were then resuspended in 1ml cold buffer H supplemented with 
protease inhibitors (5µg/ml Leupeptin, 1mM PMS, 5µg/ml Pepstatin A, 
5µg/ml Aprotinin, 5mM EDTA). The parasites were then sonicated for a 
total of 12 sec (6 cycles of 2 sec sonication followed by 10 sec rest) at 
80% amplitude (Sonics-Vibracell, 130W). The efficiency of the 
homogenization was verified by microscopy. After homogenization, cell 
lysates were centrifuged at 2500g for 5min at 4°C to remove unbroken 
cells and debris. The supernatant was then treated with DNaseI on ice 
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for 30min. After extensive washes with PBST, the anti-GFP-coated 
beads were added to the DNaseI-treated supernatant and incubated 
for 4 hours at 4°C with gentle mixing. Following extensive washes with 
buffer H, the proteins bound to the beads were eluted by boiling in gel 
loading buffer (5× buffer: 250 mM Tris-HCl pH6.8, 10% SDS, 30% 
Glycerol, 5% β-mercapitalethanol, 0.02% bromophenol blue). These 
samples were fractionated on 12% SDS-PAGE and processed by silver 
staining and immunoblotting. Parasites expressing only YFP were 
processed simultaneously as above and used as negative controls. 
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Chapter 3- Results 
3.1: An introduction to the inducible expression 
of YFP--tubulin in T. brucei 
Direct observation of the incorporation profile of newly-
synthesized microtubules into the stable subpellicular array of T. brucei 
is important for a better understanding of the mode of cytoskeleton 
inheritance as well as the cellular processes that require new 
microtubule formation. Stable expression of epitope-tagged tubulin has 
been difficult in T. brucei as well as several other organisms (Bastin et 
al., 1996a; Carminati and Stearns, 1997). GFP fusions at C-terminus of 
tubulin genes have failed to complement their corresponding null 
mutants in Saccharomyces cerevisiae (Carminati and Stearns, 1997). 
Moreover, β-tubulin contains a GTP hydrolysis site and its 
overexpression or the addition of tags has been reported to be lethal in 
S. cerevisiae (Andresen et al., 2004; Weinstein and Solomon, 1990). 
Most in vivo studies of the microtubule cytoskeleton have been 
performed by expressing tagged -tubulin at reduced levels in the 
presence of endogenous tubulin (Carminati and Stearns, 1997; 
Goodson et al., 2010; Rusan et al., 2001). Tag locations and 
expression systems vary depending on the organisms (Goodson et al., 
2010). A tetracycline-inducible system for the expression of YFP- 
tagged -tubulin was therefore chosen as a method for tracking new 
microtubule formation in procyclic T. brucei.  
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3.1.1: Establishing a T. brucei cell line with inducible 
YFP--tubulin expression  
In the T. brucei genome, the tubulin genes are clustered as 
tandem repeats of identical α/β- tubulin gene pairs (Sather and 
Agabian, 1985; Seebeck et al., 1983). -tubulin is encoded by four 
genes (Tb927.2340, Tb927.2360, Tb927.2380 and Tb927.2400), all 
with identical DNA sequences. The C-terminus of T. brucei -tubulin is 
subject to the tyrosination cycle (Schneider et al., 1997), therefore T. 
brucei -tubulin coding sequence was amplified and fused to the C-
terminus of a YFP reporter. To limit potential lethal effects of stable 
expression and to allow tracking of newly synthesized microtubules, 
recombinant YFP--tubulin was stably expressed from a pLew100 
vector under tight regulation of a tetracycline inducible promoter (Wirtz 
et al., 1999). A similar approach was previously used to study 
paraflagellar rod assembly dynamics in T. brucei (Bastin et al., 1999b).  
3.1.2: Incorporation of YFP--tubulin into the 
cytoskeleton 
The inducible expression of YFP--tubulin protein was 
monitored by immunoblots with a monoclonal antibody directed against 
-tubulin (Fig. 3-1 A). In addition to the endogenous -tubulin at 
~50kDa, a ~75kDa band corresponding to the YFP--tubulin fusion 
appeared 2 hours post-induction, and the intensity increased over time.  
Continuous expression of YFP--tubulin caused no measurable 
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change in doubling time at 24 hours post induction and only moderately 
slowed cell proliferation at later time points (doubling time of 12.3±1.3 
hours for uninduced control and 15.0±0.5 hours for induced population) 
(Fig. 3-1 B). Possibly due to the low expression level of YFP--tubulin 
compared to endogenous -tubulin (Fig. 3-1 A), induced cells 
expressing YFP--tubulin continued to proliferate without any obvious 
morphological changes, even weeks after induction (data not shown).  
Since the microtubule cytoskeleton of T. brucei is resistant to 
detergent extractions (Sherwin and Gull, 1989b), the incorporation of 
YFP--tubulin into the microtubule array was verified by immunoblots 
performed on detergent-extracted fractions of control and cells induced 
for YFP--tubulin expression for 24 hours (Fig. 3-1 C). YFP--tubulin 
was mostly present in the detergent-soluble fraction and only a small 
portion was incorporated into the detergent-resistant cytoskeleton 
fraction. Efficient detergent extraction was verified by immunolabelling 
of BiP, an ER luminal protein mostly found in detergent soluble 
fractions (Fig. 3-1 C). The incorporation of YFP--tubulin into the 
microtubular cytoskeleton was less efficient than that of the 
endogenous α-tubulin, likely due to the presence of the YFP tag. 
Nevertheless, the incorporated YFP--tubulin was sufficient for 
detection by fluorescence microscopy (see below), thus allowing 




Fig. 3-1: Inducible expression of YFP-α-tubulin in T. brucei. Cells 
stably transfected with pLew-YFP--tubulin were cultivated in the absence or 
presence of tetracycline to induce YFP--tubulin expression. Samples were 
taken at various time points for immunoblots (A), growth curve analyses (B), 
and cell fractionation studies (C). YFP--tubulin was detected as early as 2 
hours post-induction. Continuous induction led to slightly increased YFP--
tubulin level and had little effects on parasite proliferation. Immunoblots of 
detergent extracted YFP--tubulin cells indicated that only a small portion of 
YFP--tubulin was incorporated into the detergent insoluble cytoskeleton (P). 




3.1.3: Cell cycle dependent incorporation of YFP-α-
tubulin 
The inducible YFP--tubulin cells were then used to monitor the 
formation of new microtubules in an asynchronous cell population at 
various cell cycle stages. Cells induced for YFP--tubulin expression 
for 8 hours were extracted with 1% NP-40 in PEM buffer, fixed with 4% 
formaldehyde and probed with anti-GFP antibody that cross reacted 
with YFP to enhance the YFP signal in the microtubule array.  
Cells in the early stage of the cell cycle each contains a single 
copy of the nucleus and the kinetoplast, and a single mature basal 
body that seeds the single flagellum. In these cells, incorporation of 
YFP--tubulin was found mainly at the posterior region of the parasite, 
and weak, speckled labelling in the rest of the cell. This labelling 
pattern was similar to that of YL1/2, which labelled the basal bodies in 
addition to the posterior region of the cells (Fig. 3-2 A and B). As these 
cells were likely to be in the late duplication stage at the time YFP--
tubulin expression was induced, the YFP--tubulin and YL1/2 staining 
patterns suggested low microtubule polymerization activity in late and 
early cell cycle stages in the cell, except for the posterior region. 
Previous work has indicated that the posterior region contains the plus 
ends of the subpellicular microtubules (Robinson et al., 1995). The 
labeling of YL1/2 and YFP--tubulin thus supported active microtubule 
polymerization and remodelling at the subpellicular microtubule plus 
ends in the posterior region (Wheeler et al., 2013b). 
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As cell cycle progresses, basal bodies duplicate and new 
flagellum/FAZ emerges. YFP--tubulin labelling, which was mostly 
restricted in the posterior region in the earlier stage, now spread toward 
the anterior part of the cell body (Fig. 3-2 C-F). Interestingly, YFP--
tubulin staining was more intense on one side of the cell body, along 
the new FAZ (Fig. 3-2 E and F). At this stage, YL1/2 labelling on the 
duplicated basal bodies and posterior region remained strong. In many 
cells, YL1/2 also stained the distal tip of the forming new flagellum 
(arrows; Fig. 3-2 C and D), which has been reported previously (Sasse 
and Gull, 1988; Wheeler et al., 2013b).  
As the new flagellum/FAZ complex continued to elongate, basal 
bodies and associated kinetoplasts and flagellum/FAZ segregated (Fig. 
3-3). Nuclear division could also be observed in some cells (Fig. 3-3), 
where YFP--tubulin was found present on the intra-nuclear mitotic 
spindle. The increased separation of new and old flagellum/FAZ 
complexes was accompanied with better visualization of newly 
synthesized, YFP--tubulin labelled microtubule in the subpellicular 
array. Remarkably, strong YFP--tubulin staining in a striated pattern 
was found in the region between the old and the new FAZ, particularly 
along the new FAZ (Fig. 3-3 C and D), suggesting active microtubule 
polymerization in this region. The YL1/2, similar to the earlier stage, 
stained the posterior region and the basal bodies and perhaps the 
elongating new FAZ/flagellum, but not the intra-nuclear spindle (Fig. 









Fig. 3-2: Incorporation of inducible YFP-α-tubulin in early cell 
cycle stages. pLew-YFP--tubulin cells were induced for 8 hours, extracted 
with 1% NP-40 and fixed for staining with anti-GFP (for YFP-α-tubulin), α-
tubulin, YL1/2, FAZ and DAPI. In the early cell cycle stage, neither the 
kinetoplast (small blue dot) nor the nucleus (large blue dot) has duplicated (A, 
B) and YFP-α-tubulin is limited to the posterior end of the cell. Basal bodies 
duplication is one of the earliest events of the cell cycle (arrowheads) (C-F) 
and at this stage the posterior YFP--tubulin signal extends anteriorly. The 
YFP--tubulin signal in cells possessing duplicated basal bodies can be 
observed along the new FAZ (E, F). Arrowheads: basal bodies; white lines: 
new FAZ; arrows: tip of the new flagellum. 
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Fig. 3-3: YFP-α-tubulin is incorporated primarily in the region 
between the old and new FAZ in duplicating cells. In the duplicating 
cells, kinetoplast has duplicated and segregated before the nucleus (A-D). 
Mitotic cells containing an intranuclear spindle can also be observed (A-
C).The YFP--tubulin signal can be clearly observed between the old and the 
new FAZ (C, D) Samples were processed as in Fig. 3-2. Arrowheads: basal 




In cells at later stages of mitosis and those entering cytokinesis, 
the preferred incorporation of YFP--tubulin in the region along the 
new FAZ became even more pronounced (Fig. 3-4 C and D). As the 
outline of the two daughter cells became more evident, asymmetric 
segregation of the microtubules also became clear. Whereas the 
daughter cell inheriting the new flagellum-FAZ complex retained most 
of the YFP tagged microtubules, the other daughter that inherited the 
old flagellum/FAZ contained less YFP-labelled microtubules (Fig. 3-4 A 
and B). This asymmetric microtubule biogenesis and inheritance, 
though could also be observed by YL1/2 staining in some cells (Fig. 
3-4 B) (Wheeler et al., 2013b), was more consistently observed with 
YFP-α-tubulin.  
Immunofluorescence of YFP--tubulin was also performed in 
cells induced for YFP--tubulin expression for 24 hours (Fig. 3-5). In 
these cells, YFP--tubulin was found throughout the cell at all cell 
cycle stages, similar to that of anti--tubulin antibody. This confirmed 
the non-selective incorporation of YFP--tubulin into the cytoskeleton 





Fig. 3-4: Asymmetric inheritance of newly formed subpellicular 
microtubules in T. brucei cell division. In these post mitotic cells, both 
the kinetoplast and the nucleus have been duplicated and segregated (A-D). 
The partitioning of intracellular organelles and the cytoskeleton network into 
the daughter cells become evident. YFP--tubulin signal can be observed to 
be enriched in the posterior daughter cells (A, B) in comparison to the pattern 
of total α-tubulin. The YFP--tubulin signal is also limited to the region 
between the two FAZ structures (C, D). Samples were processed as in Fig. 






Fig. 3-5: YFP-α-tubulin is incorporated non-selectively into the 
entire microtubule cytoskeleton in cells with prolonged induction. 
In cells fixed 48 hours post induction, the YFP--tubulin pattern is identical to 
that of α-tubulin. The characteristic posterior staining pattern of YL1/2 
remains consistent in the 1K1N cells (A, B),in cells with duplicated basal 
bodies (C, D), 2K1N cells (E, F) and the post mitotic cells (G, H).The YFP--
tubulin signal is also identical to that of -tubulin at these periods of prolonged 
expression and incorporation  
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3.2: An introduction to the role of the MTOC 
component GCP2 in FAZ-flagellum segregation 
and new daughter cell formation. 
By examining the incorporation of inducible YFP--tubulin into 
the cytoskeleton, we were able to track new microtubule polymerization 
and inheritance in T. brucei, particularly in duplicating cells. 
Asymmetric new microtubule synthesis and inheritance was observed 
and the more posterior daughter cell (that inherited the new 
flagellum/FAZ complex) retained more newly synthesized microtubules 
than the other daughter.   
To further understand how new microtubule synthesis affects T. 
brucei cell cycle progression, particularly the formation of the more 
posterior daughter cell, I sought to apply molecular genetic methods to 
inhibit new microtubule synthesis and examine its effect on the cell 
cycle. Previous work to look at the function of microtubules examined 
the RNAi phenotypes of α/β-tubulin or γ-tubulin (McKean et al., 2003; 
Ngo et al., 1998). Depletion of α/β-tubulin results in a ‘FAT’ cell 
phenotype, where the cells lost their characteristic shape and tended to 
appear spherical possibly due to gross perturbation of microtubule 
dynamics in addition to new microtubule synthesis. These cells also 
had defects in the formation of the microtubules that constitute the 
axoneme and the MtQ (Ngo et al., 1998) . The γ-tubulin study focuses 
on its effects in flagellar motility and biogenesis of the axonemal central 
pair microtubules (McKean et al., 2003). Little is known about γ-
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tubulin’s effects on other microtubular structures.  In this and the next 
section, I will describe the characterization of two γ-tubulin small 
complex (γTuSC) subunits, GCP2 and γ tubulin, in T. brucei.  γTuSC is 
essential for microtubule nucleation, plus end catastrophe and minus 
end shrinkage (Cuschieri et al., 2006; Zimmerman and Chang, 2005). 
3.2.1:TbGCP2, a conserved MTOC component 
Proteins containing the conserved Spc97/98 motifs, aka the 
Grips (γ-tubulin ring proteins) motifs are termed GCPs (γ-tubulin 
complex proteins) (Knop and Schiebel, 1997; Oegema et al., 1999). 
Typical γTuSC proteins have two distinct Grip motifs separated by a 
region of varying lengths. Grip1 motif is ~100 amino acids in length 
while the Grip2 motif is ~200 amino acids in length and proteins 
containing these motifs are implicated in assembly of large complexes 
involved in microtubule organization/nucleation, mitotic progression, 
and centrosome maturation (Izumi et al., 2008; Knop and Schiebel, 
1997; Oakley and Oakley, 1989; Schnorrer et al., 2002; Vérollet et al., 
2006). 
In the T. brucei database, two GCP homologs, GCP2 
(Tb.927.10.9770) and GCP3 (Tb11.01.3150), were identified with high 
confidence. T. brucei GCP2 contains Grip motifs with an E-value of 
4.1e-95 between aa120 and aa676  according to the SMART sequence 
analysis tool (Letunic et al., 2012; Schultz et al., 1998). A sequence 
alignment of known Grip-motif containing proteins such as the GCP2/3 
from Homo sapiens, Drosophila melanogaster, Saccharomyces 
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cerevisiae and Trypanosoma brucei were analysed and the Grip1 and 
2 motifs are demarcated using the "Expresso" algorithm (Notredame et 
al., 2000). 
3.2.2: TbGCP2 RNAi is lethal 
In order to study the function of GCP2, inducible GCP2 RNAi 
was performed on T. brucei. The efficiency of the knock down was 
monitored by expression level of YFP-GCP2 that was stably 
engineered to express from an endogenous GCP2 allele, upon RNAi 
induction. A significant decrease in YFP-GCP2 level was observed 
within 24h post induction (Fig. 3-7 A, inset). Cells induced for GCP2-
depletion displayed a reduction in growth at 48h, which eventually led 
to cell death 96h post induction(Fig. 3-7 A). 
In order to examine the cellular effect of GCP2 RNAi, an 
unsynchronized population of GCP2-RNAi cell line was incubated in 
the presence or absence of the tetracycline inducer. The cells were 
then fixed every 24h and their DNA content was stained with DAPI and 
quantified. The control population had ~70% 1K1N cells, ~14% and 
10% of 2K1N, 2K2N cells respectively. Microscopic examination of the 
DNA contents in the GCP2-RNAi population (Fig. 3-7 B) revealed a 
significant increase of abnormal 1K2N cells at 48 hours post-induction 
(p<0.001). At the same time, multinucleated cells also accumulated 
(p<0.001), suggesting an inhibition of kinetoplast segregation and cell 
division in GCP2-RNAi cells that was consistent with cell proliferation 
arrest observed.  







Fig. 3-6: Sequence alignment of known Grip motif containing GCP2/3 proteins. GCP2/3 proteins from humans, yeast, fruitfly and 
Trypanosoma brucei were aligned using the Expresso mode of "T-coffee" alignment (Notredame et al., 2000; Poirot et al., 2004). The two 
characteristic Grip motifs (Gunawardane et al., 2000; Wiese and Zheng, 2006) are marked by black bars above the sequence 
alignments. KEY:BAD AVG GOOD Conserved residues are marked with *. 
 




Fig. 3-7: GCP2-RNAi is lethal. Cells with a stably integrated GCP2-RNAi 
construct were grown with tetracycline to induce RNAi or without as control. 
To monitor the efficiency of RNAi, YFP-GCP2 was stably expressed in GCP2-
RNAi cells and its expression was monitored in the absence or presence of 
GCP2-RNAi. Samples were then taken every 24 hours post induction for 
growth assay (A; results shown as mean ± SD, n=3) and immunoblottings 
with anti-YFP and anti-BiP (A, inset). For quantitation of cell cycle effects (B), 
400 cells were scored for their DNA contents in each of 3 independent 
experiments and the results shown as mean ± SD. 
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3.2.3: Effect of GCP2 knockdown on motility 
Among the various MTOCs present in T. brucei, the role of the 
MTOCs present at the basal body in flagellum formation and motility 
have been previously studied (McKean et al., 2003) (see 1.3.2: The 
Microtubule Organizing Centers (MTOCs) in T. brucei). To monitor cell 
motility, control and GCP2 RNAi cells were observed using a 
hemocytometer.  Whereas the wild type cells have a mean velocity of 
9.7 ± 0.42 µm/s, the induced cells have a much-reduced mean velocity 
of 4.5 ± 0.38 µm/s (p<0.001) (Fig. 3-8 A and B). These results further 
supported an effect of GCP2-RNAi in motility. 
3.2.4: Effect of TbGCP2 on flagellum/ FAZ segregation 
In T. brucei, both kinetoplast segregation and cell division are 
microtubule-driven processes that are tightly linked to proper FAZ 
assembly (LaCount et al., 2002; Robinson and Gull, 1991; Robinson et 
al., 1995; Sun et al., 2013; Zhou et al., 2011).  Cells undergoing new 
flagellum/FAZ assembly were therefore measured for new flagellum 
and FAZ length in control and GCP2-RNAi populations. In control cells, 
new FAZ elongated in co-ordination with the new flagellum (R2=0.87) 
(Fig. 3-9 A), just as previously observed (Kohl et al., 1999). Upon 
GCP2-RNAi, this co-ordinated assembly was disrupted (R2=0.35 at 48h 
post induction) (Fig. 3-9 A), with the formation of FAZ trailing behind 
that of the flagellum (Fig. 3-9 B). In the biflagellate cells, the elongation 
of the flagellum/FAZ complex remained unaffected until a length of 
~6µm. However further extension of the FAZ was greatly inhibited 
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(p<0.005) (Fig. 3-9 B). This result suggested that inhibited new 
microtubule polymerization have a role on new FAZ assembly. 
Fig. 3-8: Effect of GCP2-RNAi on cell motility. For motility assays, 
uninduced control and cells induced for GCP2-RNAi for 48 hours were diluted 
in fresh medium, imaged at 2 frames/ second for 1 minute, and the movement 
of individual cells tracked (A) and the velocity calculated (B). The 2D-tracks of 
~60 cells from three independent experiments were generated by in silico 
tracking on movies. The velocity results are shown as mean velocity ± SEM of 
3 independent experiments with 20–25 cells tracked per experiment. 
 




Fig. 3-9:GCP2 RNAi affects flagellum/FAZ elongation. The effect of 
GCP2 depletion on the new FAZ (marked with L3B2 staining) and flagella 
elongation (marked with PFR staining) was monitored in >100 biflagellated 
cells in control or cells induced for GCP-RNAi for 48 hours (A, B). The length 
of new FAZ was plotted against corresponding new flagellum length for each 
cell measured (A). Alternatively, cells were grouped based on new flagellum 
length range, and FAZ length (shown as mean length ± SEM) was plotted 
against the flagellum length range (B). 
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3.2.5: TbGCP2 ablation affects kinetoplast segregation. 
In T. brucei it has been established that precise temporal order 
is maintained in terms of organelle segregation and mitosis (Sherwin 
and Gull, 1989b).The ablation of GCP2 led to an increase of abnormal 
1K2N cells at 72H which constituted ~20% of the population and 
signified defects in organelle duplication or segregation prior to mitosis. 
In order to identify the discrete MTOCs responsible for the defects in 
kinetoplast segregation in 1K2N cells, the number of basal bodies, 
flagellum and FAZ were observed via specific antibodies and were 
compared against that of control post mitotic cells (Table 4). While 
100% of the population of control 2K2N cells successfully duplicated 
these structures, the GCP2-RNAi generated 1K2N cells showed 
reduced levels of organelle duplication. Basal bodies, flagellum and 
FAZ duplication were observed in only ~45% of the 1K2N population. 
This result suggested that, in addition to organelle segregation, GCP-
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Table 4: GCP2-RNAi affects basal body-flagellum-FAZ 
biogenesis. Results are displayed as mean percentage ± SD of >100 











Control 1  - - - 
2 100 100 100 
>2 - - - 
GCP2-RNAi 1 47.2±6.12 47.0±9.21 56.0±6.03 
2 46.4±3.11 47.8±6.3 41.4±1.03 
>2 6.4±9.24 5.04±2.8 2.43±5.24 
 
3.3: An introduction to γ-tubulin in T. brucei: 
-tubulin is widely accepted as a vital constituent of the γTuSC, 
where it is associated with GCP2 and GCP3 (Kollman et al., 2010). In 
kinetoplastid organisms such as Leishmania spp. and Trypanosoma 
spp., -tubulin has been identified to be present at a variety of niches 
including the paraflagellum rod in L. tropica, the basal bodies, the FAZ 
and the anterior region of the cell body in T. brucei (Libusová et al., 
2004; Scott et al., 1997). The presence of -tubulin at the basal body 
has been found to be responsible for the nucleation of the central pair 
microtubules of the flagella axoneme (McKean et al., 2003) (see 1.3.2: 
The Microtubule Organizing Centers (MTOCs) in T. brucei).  These 
varied localizations and the presence of post-translational modifications 
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on -tubulin (Teixidó-Travesa et al., 2012) suggest its specialized roles 
at various microtubule structures.   
In T. brucei, the presence of -tubulin along the FAZ in close 
association with the MtQ (Scott et al., 1997) has been enigmatic, 
especially since there has been no direct evidence of microtubule 
nucleation or anchoring events occurring at this location. Although the 
cytokinetic furrow formation involves microtubules, it too does not 
require new microtubule association or nucleation at this region (Farr 
and Gull, 2012; Gull, 1999; Wheeler et al., 2013b). However, a study 
from our lab on CC2D, a FAZ resident protein suggested a role of the 
FAZ in the organization of the cytoskeletal microtubules of the new 
daughter cells (Zhou et al., 2011). In order to identify the mode through 
which the FAZ regulated the microtubule organization of the new 
daughter cells, it is necessary to confirm the localization of -tubulin at 
the FAZ and study the effect of its depletion. 
3.3.1: Characterization of a polyclonal anti--tubulin 
antibody 
In previous studies, -tubulin was fused with a variety of tags, 
but the fusion proteins failed to localize to all the previously 
characterized MTOCs (Bastin et al. 1999; He et al. 2005). In order to 
understand the localization of -tubulin at the FAZ and its role in 
microtubule organization and biogenesis in T. brucei, a polyclonal 
antibody was generated against His--tubulin recombinant protein 
expressed and purified from E. coli.  
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To confirm the reactivity of the polyclonal antibody to T. brucei γ-
tubulin, YFP--tubulin cell lysates was incubated with anti-GFP coated 
magnetic beads to immunoprecipitate YFP-γ-tubulin. A cell line 
expressing YFP only was used as a control. Both YFP and YFP--
tubulin were precipitated, as verified by immunoblotting with anti-GFP 
(Fig. 3-10 A). The YFP--tubulin fusion at ~75KDa was also labelled by 
the anti--tubulin serum, evincing the ability of the serum to react to the 
-tubulin protein (Fig. 3-10 B). This serum was then used to probe 
extracted T. brucei cytoskeletal proteins fractionated on SDS-PAGE. A 
major band at ~50 KDa corresponding to the estimated size of the 
endogenous -tubulin was detected (Fig. 3-10 C). 





Fig. 3-10: Specificity of anti γ-tubulin antibody. (A, B) 
Immunoprecipitation of YFP--tubulin was performed to validate the reactivity 
of the polyclonal anti -tubulin antibody. Cells expressing only YFP were used 
as control and cells stably expressing YFP- -tubulin were used to test the 
antibody. Successful immunoprecipitation of YFP and YFP--tubulin was 
verified by immunoblots with anti-GFP (A), and anti--tubulin was validated 
for its reactivity to immunoprecipitated YFP--tubulin fusion. Anti--tubulin 
and anti-CC2D were used as loading controls, as well as controls for 
specificity of the immunoprecipitation. (C) Immunoblot of the cytoskeletal 
fraction of T. brucei using the polyclonal serum revealed a major band at 
50 KDa, corresponding to the endogenous γ-tubulin 
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3.3.2: Ablation of FAZ delocalizes γ-tubulin 
It has been inferred that -tubulin associated with the FAZ could 
be responsible for the microtubule related defects observed in the new 
daughter cells lacking the FAZ upon ablation of CC2D (Zhou et al., 
2011) . Therefore, the -tubulin antibody was used to detect the 
presence of -tubulin in T. brucei and verify the localizations observed 
previously and also study the effect of ablating the FAZ on -tubulin 
localization.  
Control cells and cells lacking CC2D were detergent extracted 
and the extracted cytoskeletons were probed with anti--tubulin and 
L3B2 antibodies and observed under a fluorescence microscope. While 
the control cells showed clear -tubulin labelling on the FAZ as well on 
the basal bodies at different stages of the cell cycle (Fig. 3-11 A and 
B); in the CC2D-RNAi cells lacking a newly formed FAZ, -tubulin 
labelling was also absent at that location (Fig. 3-11 C and D). 
Since -tubulin had been previously reported to be in close 
association with the MtQ, T. brucei cells depleted of the CC2D protein 
were probed for the MtQ using 1B41, a previously reported marker 
(Rotureau et al., 2011). In control cells which formed a normal FAZ 
structure, the pattern labelled by CC2D colocalized with that of 1B41 
(Fig. 3-11 E and F). However when the FAZ formation was inhibited 
upon CC2D-depletion, the signal at the MtQ (as labelled by 1B41) also 
appeared to be affected (Fig. 3-11 G and H).  
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Fig. 3-11: FAZ ablation delocalizes γ-tubulin. (A-D) 
Immunofluorescence labeling of detergent-extracted T. brucei cytoskeletons 
using the polyclonal anti--tubulin antibody (green) and FAZ marker L3B2 
(red) showed partial colocalization of -tubulin with FAZ. (A, B) In control 
cells, -tubulin was found on basal bodies (arrowheads) and along FAZ 
(lines), consistent with previously reported observations (Scott et al., 1997). 
(C, D) The knockdown of CC2D, a FAZ resident protein resulted in the 
inhibition of new FAZ formation (Zhou et al., 2011), also delocalized -tubulin 
from the new FAZ (arrow). Labeling of the old FAZ by either L3B2 or γ-tubulin 
was however, not affected. -tubulin association with the basal bodies was 
also unaffected. (E-H) Immunofluorescence of methanol fixed T. brucei cells 
using the monoclonal antibody 1B41 to mark the MtQ (green) and FAZ 
marker L3B2 (red) showed a FAZ-dependent colocalization as observed in 
the previous panel. In control cells (E, F) the pattern stained by 1B41 and 
L3B2 were observed in close association. Upon ablation of CC2D, new FAZ 
failed to form, lacking both L3B2 and 1B41 signals. The old FAZ structures 
however, displayed a pattern similar to that of the control cells (G, H). 
Arrowheads: basal bodies; lines: FAZ; arrows: detached new Flagellum.
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3.3.3: Conditional knockdown of -tubulin is lethal 
Despite multiple attempts targeting different regions of the -
tubulin gene, inducible RNA interference of -tubulin was unsuccessful. 
A conditional knock out strategy was therefore applied (Ochatt et al., 
1999). In this method, both alleles of -tubulin gene were knocked out 
from their native location in the genome by homologous recombination 
and the protein is expressed under the influence of tetracycline 
induction. Upon retrieval of tetracycline, the cellular effects of protein 
depletion can be studied. Knockout and replacement of both -tubulin 
alleles with drug resistance makers in the diploid T. brucei genome was 
verified by PCR using primers specific to the 5’ and 3’ un-translated 
regions of -tubulin (Fig. 3-12 C), which remained unperturbed during 
homologous recombination. The conditional knockout cells were 
maintained in the presence of tetracycline, which allowed expression of 
-tubulin from a stably integrated pLew100 vector (Wirtz et al., 1999).  
Depletion of -tubulin was achieved by removal of tetracycline 
from cultivation medium (Fig. 3-12 D). Cells were counted every 24h 
and the growth curve was generated (Fig. 3-12 A). Proliferation of -
tubulin-depleted cells slowed at 72h post tetracycline removal and 
completely stopped 120h post washout.  
Cells lacking -tubulin also exhibited defects in cell cycle 
progression. But unlike the GCP2-RNAi cells (see Fig. 3-7), -tubulin 
depletion did not show accumulation of binucleated or multinucleated 
cells. Rather, a surge of anucleated cells (aka zoids) to ~30% of the 
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total population was observed at 72h post tetracycline washout (Fig. 
3-12 B). These results suggested that -tubulin may be required for 
nuclear division. Production of zoids may therefore be due to unequal 
cell division, without proper nuclear division. 
Fig. 3-12: γ-tubulin is essential. The cellular effects of -tubulin 
conditional knocked out were monitored every 24 hours post tetracycline 
washout by cell proliferation assay (A) and DNA counting (B).  Results were 
shown as mean± SD, n=3. For DNA counting, 400 cells were scored in each 
of 3 independent experiments. (C) Knock out of endogenous γ-tubulin alleles 
was verified by PCR using primers specific for the -tubulin 5' UTR and 3' 
UTR. (D) Conditional -tubulin depletion was verified by immunoblots using 
anti--tubulin. anti-PFR2 was used as a loading control.  
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3.3.4: Effect of -tubulin cKO on motility 
-tubulin has been previously shown to be required for the 
central pair microtubules of the flagellum axoneme (McKean et al., 
2003). Therefore, cells lacking -tubulin expression were studied for 
motility defects. In comparison to wild type cells, the cells lacking -
tubulin expression showed significant reduction in velocity and 
directional motility (Fig. 3-13 A and B). The velocity prior to tetracycline 
washout for a heterogenous population was measured to be 9.23±0.29 
µm/s, whereas at 72h post tetracycline washout the cells moved at a 
much lower mean velocity of 3.9±0.9 µm/s. This motility effect was 
similar to that of GCP2-RNAi (see Fig. 3-8). 
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Fig. 3-13: Effect of γ-tubulin ablation on cell motility. Control and 
cells lacking -tubulin expression for 72 hours were diluted in fresh medium, 
imaged at 2 frames/second for 1 minute, and the movement of individual cells 
were tracked (A) and velocity calculated (B). The 2D-tracks of ~60 cells from 
three independent experiments were generated by in silico tracking on 
movies. The velocity results are shown as mean velocity±SEM of 3 
independent experiments with 20–25 cells per experiment.
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3.3.5: Effect of -tubulin cKO on FAZ-flagella inheritance 
In T. brucei, the duplication of the FAZ and associated flagellum 
occurs once the probasal body has matured and moved to a more 
posterior location within the cell. These microtubule mediated rotational 
forces help position the new flagellum/FAZ complex (Absalon et al., 
2007; Lacomble et al., 2009). The assembly of the new flagellum/FAZ 
complex is tightly regulated and drives the segregation of the 
associated kinetoplasts (Kohl et al., 1999; Robinson et al., 1995).  
Cells in the process of duplicating and segregating their 
flagellum/FAZ were measured for new flagellum and FAZ length in 
control and -tubulin deficient cells.  In control cells, new FAZ 
elongated in co-ordination with the new flagellum (R2=0.90), as 
previously observed (Kohl et al., 1999). Upon -tubulin ablation, this co-
ordinated assembly was disrupted (R2=0.45) (Fig. 3-14 A), with the 
formation of FAZ trailing behind that of the flagellum (Fig. 3-14 B). In 
the cells possessing two flagellum/FAZ, the elongation of the 
flagellum/FAZ complex was observed to be greatly inhibited at all 
stages of extension (p<0.005) (Fig. 3-14 B), although their nucleation 
appeared unaffected. This was again consistent with the effects of 
GCP2-RNAi (see Fig. 3-9), suggesting an effect of new microtubule 
polymerization on new FAZ assembly.  
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Fig. 3-14: γ-tubulin depletion affects co-ordinated flagellum/FAZ 
elongation. The effect of γ-tubulin depletion on the new FAZ and flagella 
elongation was monitored in >100 biflagellate cells in control or cells where γ-
tubulin ablation has been induced for 72 hours. The length of new FAZ was 
plotted against corresponding new flagellum length for each cell measured 
(A). Alternatively, cells were grouped based on new flagellum length range, 
and FAZ length (shown as mean length ± SEM) was plotted against the 
flagellum length range (B). 
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3.3.6: Effect of γTuSC inhibition on EB1 levels. 
EB1 is a plus end microtubule tracking protein widely found 
among Eukaryotes. Initially identified in the budding yeast (Su et al., 
1995), EB1 has been found to have a tendency to preferentially bind to 
the growing microtubule ends and the spindle pole bodies (Tirnauer et 
al., 1999). EB1 has been classified as a master plus end tracking 
protein and implicated in the recruitment of multiple + end binding 
proteins and also in the formation of protein complexes at the dynamic 
microtubule ends (Lansbergen and Akhmanova, 2006). In T. brucei, 
EB1 has been identified to localize to the plus end of the cytoskeleton, 
namely the posterior end of the parasite (Li-Fern, 2012). Upon ablation 
of GCP2 or γ-tubulin, the levels of EB1 decreased significantly, likely 
due to reduced synthesis of new microtubules (Fig. 3-15). 
 
Fig. 3-15: EB1 levels are affected upon GCP2 or γ-tubulin ablation. 
Whole cell lysates of uninduced control and cells induced for GCP2 RNAi or -tubulin 
conditional knockout were immunoblotted and probed with the anti-EB1 antibody. 
anti-PFR2 is used as a loading control. 
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Chapter 4-Discussion, future directions and 
challenges 
4.1: Microtubule dynamics and cytoskeleton 
inheritance in T. brucei  
The cytoskeleton of eukaryotic cells such as those of humans 
consists of diverse cytoskeletal polymers, which help determine the 
shape, the integrity of intracellular compartments and mechanics of the 
cell. The structure of the microtubule cytoskeleton for example 
undergoes dramatic rearrangement during the cell cycle, where it 
exists as radial arrays providing structural rigidity to the cell body in 
addition to providing pathways for trafficking, whereas during mitosis 
these polymers are reassembled into bundles whose primary function 
seems to be the segregation of the chromosomes. The actin filament 
system comprises a less rigid network within a cell, primarily 
responsible for cellular protrusions required for chemotaxis, assembly 
of stress fibers and endocytosis. Filaments such as the nuclear lamins 
help maintain the structure of the nucleus and trigger its breakdown 
during mitosis. These cytoskeletal components can play a coordinated 
role in orchestrating the progression of a cell through its cell cycle, 
ensuring accurate mitosis and eventually causing cytokinesis. The 
cytoskeleton of T. brucei tends to exhibit stark contrasts to the model 
mentioned above. These parasites utilize the actin filaments 
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exclusively for endocytosis. Additionally, the gross microtubule 
cytoskeleton remains intact throughout its cell cycle, forming spindles 
within an intact nucleus. These organisms therefore rely on their 
microtubule cytoskeleton to facilitate organelle duplication, 
repositioning, mitosis and subsequent cytokinesis. 
To facilitate accurate duplication and segregation of the 
intracellular organelles, the cell cycle of the parasite adheres to a strict 
temporal order and precise remodelling of the parasite cytoskeleton. 
Moreover, throughout its lifecycle, T. brucei has been shown to exist in 
a plethora of cell sizes and relative organelle positions. These too are 
associated with changes in the major cytosleletal component of the 
parasite, namely the microtubules. Although the gross changes 
occurring in the cytoskeleton throughout the cell cycle have been 
documented, finer aspects of this phenomenon remain to be 
investigated at the level of individual microtubule domains. The defining 
paper by Sherwin and Gull (1989) almost two decades ago indicated a 
pattern of microtubule formation consistent with their hypothesis of 
semi-conservative patterning and inheritance of the microtubule 
cytoskeleton. 
In this study, the incorporation profile of -tubulin into the stable 
T. brucei cortex was successfully observed and compared with major 
cell cycle events of Trypanosoma brucei, using a conditional 
expression system that allowed tetracycline-inducible expression of 
YFP-α-tubulin. The YFP--tubulin protein is stably integrated into the 
subpellicular microtubules, and likely also other stable microtubular 
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structures including flagellum axoneme and FAZ MtQ. During mitosis, 
newly synthesized microtubules were also found incorporated into the 
intranuclear mitotic spindles, in spite of the ‘closed’ mitosis in these 
parasites (Ogbadoyi et al., 2000; Vickerman and Preston, 1970), 
suggesting active nuclear import of tubulin subunits at least during 
mitosis. Besides, selective transport of -tubulin into the nucleoplasm 
apparently occurred without discriminating against the presence of an 
YFP tag at the N terminus of α-tubulin. 
It has been previously suggested that intercalation of 
microtubule within the existing cytoskeleton helps bring about an 
increase in cell size in order to accommodate the duplicated organelles 
at the pre-mitotic and mitotic stage of the cell cycle (Sherwin et al., 
1989). This observation and the staining pattern of tyrosinated -
tubulin (YL1/2) led to the suggestion of semi-conservative inheritance 
of the microtubule cytoskeleton (Sherwin et al., 1989).  In this study, 
new microtubule synthesis was found to occur preferentially between 
the duplicating FAZs. Inhibiting new microtubule synthesis at this 
region by GCP2- and -tubulin-RNAi both inhibited basal 
bodies/flagellum/FAZ segregation (see below), supporting the idea that 
this is the most likely force mediating the segregation of the basal 
bodies (Robinson and Gull, 1991).  
Furthermore, the YFP--tubulin incorporation observed in the 
pre-mitotic stage became more pronounced in the post-mitotic cells 
where the boundary of the forming daughter cells was more evident. 
The daughter cell inheriting the old flagellum incorporated YFP--
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tubulin mostly at its posterior end corresponding to the plus end of the 
subpellicular microtubules, with the rest of its cell body weakly stained. 
The daughter cell that inherits the newly-formed flagellum showed 
stronger YFP signal throughout its cell body.  This observation 
suggests that although the incorporation of short microtubule segments 
might occur semi conservatively, the overall distribution of the newly 
incorporated microtutubles occurred asymmetrically with the posterior 
daughter cells incorporating and inheriting most of the new 
microtubules. 
Inducible YFP--tubulin is thus a useful marker to track new 
microtubule synthesis and inheritance in T. brucei. Compared to YL1/2, 
YFP--tubulin is less affected by intracellular tubulin tyrosination and 
detyrosination activities, incorporates stably into the microtubule 
cytoskeleton and can act as an identifier of microtubules formed over a 
certain period of time. This advantage of the inducible expression 
system and the fact that the cell cycle stages of trypanosomes can be 
effectively gauged by tracking various cellular organelles help establish 
the sites of microtubule modifications. 




Fig. 4-1: Pictorial representation of cytoskeleton inheritance 
models in T.brucei. The symmetric inheritance model proposed lateral 
nucleation of microtubules leading to the formation of identical daughter cells 
(A)(Sherwin and Gull, 1989a).  This study proposes an asymmetric 
microtubule assembly and inheritance where the posterior daughter cells 
retain a greater fraction of the newly assembled microtubules (B). 
4.2: The MTOC is essential in T. brucei 
Microtubule nucleation is brought about by a complex containing 
-tubulin (Lüders and Stearns, 2007; Raynaud-Messina and Merdes, 
2007; Wiese and Zheng, 2006) which is an essential component of  the 
microtubule organising centre (MTOC). These multi subunit complexes 
play a vital role in microtubule stabilization (Anders and Sawin, 2011; 
Wiese and Zheng, 2000) and also in regulating microtubule plus-end 
dynamics (Bouissou et al., 2009). Early biochemical studies performed 
in Drosophila melanogaster and Xenopus laevis revealed that -tubulin 
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is found associated with at least six other proteins in a complex with a 
distinct ring like structure, known as the -tubulin ring complex (γTuRC) 
(Zheng et al., 1995). In Saccharomyces cerevisiae, in the absence of 
most of the γTuRC proteins, a stable sub complex consisting of -
tubulin and two other -tubulin complex proteins (GCP 2, 3) termed -
tubulin small complex (γTuSC) (Oegema et al., 1999) has been found 
to be the core nucleating machinery (Geissler et al., 1996; Knop et al., 
1997; Vinh et al., 2002). Although less effective than the γTuRC, the 
weak nucleating activity of γTuSC has been deemed sufficient for 
microtubule nucleation in budding yeast. Trypanosoma brucei seems to 
possess only the homologues of the GCP 2 and 3, characterized by the 
presence of the Grip1/2 motifs (Gunawardane et al., 2000). 
Analysis of the motility tracks of the TbGCP2 RNAi and -tubulin 
conditional knockout cells and their corresponding velocity 
measurement reveals a role of MTOC in the flagella. The cells lacking 
these essential components of the MTOC have disrupted directional 
motility and have reduced velocities. Based on the requirement of 
flagella MTOC for nucleating the central pair microtubules of the 
flagella (McKean et al., 2003),  effect on the flagella could be a 
consequence of central pair disruption. 
The progression of the parasites from the 1K1N stage through 
the 2K1N to the mitotic stage requires microtubule mediated 
segregation of the basal bodies and increase in the cell size (Robinson 
et al., 1995; Sherwin and Gull, 1989a). The ablation of the GCP2 or -
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tubulin did not have a strong effect on the interphase cytoskeleton of 
the cells, though the co-ordinated extension of the flagellum/FAZ 
complex was uncoupled. The lack of drastic effects on interphase 
microtubule cytoskeleton upon the ablation of GCP2 or -tubulin is 
strikingly different from the rounded cell phenotype observed upon 
ablation of α-tubulin, where cytokseletal microtubule formation is 
disrupted in addition to the flagellum central pair (Ngo et al., 1998). 
These results suggested that the MTOC components GCP2 and -
tubulin have limited effects on interphase T. brucei microtubule 
synthesis and organization. Their effects may be restricted to certain 
microtubule structures (e.g. the central pair) or certain aspects of 
microtubule functions. 
 Studies in budding yeast and drosophila have shown that the 
components of the γTuSC play a role in "+" end microtubule dynamics 
independent of their nucleation property. It has also been suggested 
that any decrease in microtubule nucleation brought about by depletion 
of MTOC components would cause an increase in the free α/β-tubulin 
pool, minimizing the effect of microtubule dynamics by promoting 
spontaneous tubulin polymerization(Bouissou et al., 2009). -tubulin 
has been found to have effects on microtubule dynamics that varies 
from one cell type to another. It has been identified as a hyper 
stabilizing agent in fungi (Oakley and Oakley, 1989) and mutant MTOC 
components alter microtubule dynamics in drosophila (Masuda et al., 
2006; Zimmerman and Chang, 2005).   
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The MTOC has also been implicated in the loading and 
interactions of microtubule plus end dynamics regulating agents 
(Cuschieri et al., 2006; Zimmerman and Chang, 2005). This is of 
particular interest, as both GCP2- and γ-tubulin-depletion resulted in 
decreased TbEB1 protein level. The function of TbEB1 and how it is 
recruited to the microtubule plus-end in T. brucei are not yet clear (Li-
Fern, 2012). Spindle defects observed in the budding yeast provide a 
model in which the microtubule plus end proteins such as EB1 are 
loaded onto the microtubule organizing centres before being 
transferred to the growing tips. Additionally, reduced levels of EB1 
have been observed in cells expressing mutant MTOC proteins 
(Cuschieri et al., 2006). The function of EB1 in regulating microtubule 
dynamics is uncertain in light of contrasting findings. For instance, 
studies in the budding yeast have observed that cells lacking the EB1 
homologue tend to be less dynamic, consistent with observations in 
fruit flies and mouse fibroblast cells(Rogers et al., 2002; Schwartz et 
al., 1997; Tirnauer, 1999). However, studies on Xenopus eggs and 
fission yeast have observed that EB1 promotes microtubule 
polymerization(Busch and Brunner, 2004; Komarova et al., 2005; 
Tirnauer and Bierer, 2000). 
In T. brucei the various functional states of the microtubules 
such as growth, pause and shrinkage are yet to be classified. The 
interaction of a variety of microtubule plus end binding proteins and the 
role played by various microtubules associated proteins in stabilization 
of the interphase array need to be analyzed in correlation to the 
   
95 
 
tyrosination cycle of α-tubulin. This could potentially help us temporally 
identify the occurrence of tyrosination with regard to the growing tips as 
marked by EB1 and help explain the role played by these complexes in 
microtubule dynamics in trypanosomes. 
4.3: The role of MTOCs in segregating 
intracellular organelles  
The cell cycle of trypanosomes involves an extensive 
modification of the various microtubule components of the cytoskeleton 
to accommodate the duplication and segregation of intracellular 
organelles. In spite of the variety of microtubule-mediated events 
described in past studies, the role played by the components of the 
MTOC remains elusive. In this study, ablation of GCP2 and γ-tubulin, 
components of the conserved γTuSC, was performed and its effect on 
the segregation of organelles has been analyzed in detail. 
The accumulation of the 1K2N cells at 48h post GCP2-RNAi 
indicated a defect in the segregation of the basal body-kinetoplast 
complex, which may be a consequence of the uncoupled assembly of 
the flagellum/FAZ complex. An analysis of the flagellum length in the 
biflagellate cells undergoing cell division revealed a disruption in the 
flagellum/FAZ assembly, whereas in wild type cells the flagellum and 
FAZ are tightly regulated (Kohl et al., 1999). The correlation of the 
flagellum/FAZ assembly dropped (R2=0.35) compared to that of wild 
type cells (R2=0.87). 
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Interestingly, the new FAZ tends to be co-ordinated with 
flagellum extension until it reaches a length of ~6μm, after which FAZ 
extension is retarded while the new flagellum continues to extend 
beyond 9μm (p<0.001). Similarly, ablation of FLA1BP, a flagellum 
resident protein required for flagellum-FAZ attachment, also affects 
FAZ elongation beyond 6μm (Sun et al., 2013). The complete 
extension of FAZ therefore appeared to require assistance of other 
organelles, including flagellum, and proper flagellum attachment 
(Absalon et al., 2008b; Robinson et al., 1995; Zhou et al., 2010).  
It is not clear, however, how new FAZ assembly is co-ordinated 
with new microtubule synthesis. An integral component of FAZ is the 
MtQ, which may be crucial in linking microtubule synthesis to FAZ 
assembly. One study (Scott et al., 1997) suggested tight association of 
-tubulin along the MtQ comprising the flagellum attachment zone in 
detergent-resistant manner. This was also verified in this study by 
utilizing a polyclonal antibody against -tubulin. Anti--tubulin identified 
the FAZ in wild type cells, but did not label that region in CC2D-RNAi 
cells where FAZ failed to form. Similar labelling patterns were also 
observed for 1B41, a monoclonal antibody specific to MtQ (Gallo and 
Precigout, 1988), suggesting an inhibition of both FAZ filament and 
FAZ MtQ in CC2D-depleted cells. Whether -tubulin or GCP2 has a 
structural role in FAZ assembly, as well as facilitating new microtubule 
nucleation, remains to be investigated. 
The depletion of -tubulin also affected cell cycle progression. 
Nuclear division appeared to be inhibited, as γ-tubulin-RNAi did not 
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cause accumulation of multinucleated cells as observed in GCP2-RNAi 
cells. Instead, formation of anucleate cells termed zoids (~30% of the 
population) was observed, as previously reported in cells with inhibited 
or slowed mitosis (Robinson et al., 1995; Shi et al., 2008). This is 
consistent with previous observation of -tubulin associated with 
intranuclear spindle pole bodies (Scott et al., 1997). This subcellular 
localization was, however, not observed using the anti--tubulin 
antibody prepared in this study. This is likely due to the cryptic nature 
of -tubulin at the spindle pole body, with its epitopes hidden from the 
polyclonal serum used in this study. 
4.4: Further exploitation of the inducible -tubulin 
system. 
The establishment of an inducible system for tagged -tubulin 
and its incorporation into a variety of cytoskeletal elements of T. brucei 
has helped understand the gross incorporation of -tubulin during the 
various cell cycle stages. These studies utilizing a conventional wide 
field fluorescence microscope have shed light on the new microtubule 
synthesis during the process of flagellum/FAZ duplication and 
segregation. These have confirmed the asymmetry in the inheritance of 
T. brucei cytoskeleton observed using the XMAP215(Wheeler et al., 
2013b) and further extended this observation. The pattern of YFP--
tubulin incorporation in the cells undergoing cytokinesis challenges the 
semi-conservative mode of inheritance proposed earlier. This deviation 
from the pattern observed using the YL1/2 antibody needs to be 
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verified with a higher resolution. The detergent resistant nature of the 
cytoskeleton and the availability of antibodies against the YFP tag used 
could be exploited to study the incorporation of YFP--tubulin into the 
microtubules in comparison to the detyrosination cycle as observed 
using the YL1/2 antibody under the electron microscope. 
The ability to replace the YFP-tag at the N terminus with a 
modified Biotin ligase capable of biotinylation of proteins proximal to it 
in vivo was successfully used to identify new protein components of 
various cytoskeletal structures (Morriswood et al., 2013; Roux et al., 
2012).This technique, termed BioID has been tested on tagged -
tubulin by observing the biotinylation of the cytoskeleton. Preliminary 
results hold the promise of revealing proteins, which tend to associate 
themselves with the cytoskeleton and are involved in its regulation. 
These proteins could be nucleation promoting factors, filament capping 
proteins which terminate growth, or polymerases which catalyse 
polymerization or depolymerases which retard polymerization or 
proteins responsible for filament stabilization or filament cross-
linakages. This technique is non-discriminatory in its design and it 
could expand the list of microtubule associated proteins enormously, 
thereby extending our understanding of the construction of the 
cytoskeleton during the cell cycle and providing clues to the 
composition of the proteins involved in the formation of the 
intermicrotubule crosslinkages and those that help link the cytoskeleton 
to the subtending membrane. 
 




4.5: Future directions for MTOC function and 
regulation 
The effect of ablating -tubulin interacting proteins on 
microtubule mediated cell cycle events have been identified by the 
current analysis. The segregation of the basal bodies, co-ordinated 
extension of the flagellum/FAZ complex, and the inhibition of 
cytokinesis were the major defects identified. However, at the level of 
individual microtubules, much remains to be investigated. Although the 
inter microtubule spacing is unlikely to change, the number of newly 
synthesized microtubules between the FAZ could be responsible for 
the uncoupling of the flagellum/FAZ extension (Wheeler et al., 2013b). 
Moreover, the 1K2N cells in the GCP2-RNAi could be investigated for 
defects in the formation and extension of the MtQ using antibodies 
previously characterized (Gheiratmand et al., 2013) and this 
mechanism could help understand the observed discrepancy in 
organelle numbers. Studies on the MtQ have been based on electron 
microscopy observations primarily due to limited information on its 
protein composition and lack of markers for this structure.  
At present, only the tetracycline-inducible system is available in 
T. brucei, thus it is impossible to study the inducible YFP--tubulin 
incorporation in cells induced for -tubulin or GCP2-depletion. Future 
development in T. brucei gene expression and regulation hold the 
promise of alternative tools to induce gene expression, which would 
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facilitate the use of inducible YFP--tubulin to visualize microtubule-
associated effects in various mutants. Using EM, the finer aspects of 
cytoskeleton formation such as the number of new microtubules 
synthesized, how new microtubules are inserted into the existing 
subpellicular array and how new MtQ is assembled relative to the FAZ 
filament can be studied at the level of individual microtubules. 
Identification of the localization profile of GCP2 failed, in spite of 
using a variety of ectopic expression vectors, tags and endogenous 
replacement systems, suggesting the sensitivity of this protein to 
alteration. The generation of specific antibodies may prove useful in 
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